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PREFACE TO FOURTH EDITION 

This revision is somewhat more complete than the previous 
one. 

A few more sections have been added, and at the same time a 
number of sections of doubtful value have been dropped out. 

The important subject of vibratory motion has been more fully 
treated. The entire subject of electrostatics and electricity has 
been presented from the viewpoint of electrons whore reasonably 
possible. The articles on the conduction of electricity through 
gases and related material have been largely rewritten. Electric 
waves and their applications appear in the more logical position 
just before the chapter on light, and a few sections have been 
added on X-ray spi'cliatscopy after the subject of diffraction in 
light. 

An entire new chapter, entitled “ Radiation and the Quantum 
Theory,” has been added at the end of the book in slightly smaller 
type, as it is felt that a text-book of general college physics should 
contain some sort of introduction to “modern physics.” This 
chapter is somewhat more difficult than the book proper, as it 
must be, to have real value. Most teachers will not care to use it 
in class work, but it will at least afford an opiiortunity for those 
interested to have a glimpse of what leading men in physics arc 
now thinking about. 

Acknowledgnienl is due particularly to Professor John Zeleny, 
of Yale University, for his careful reading of the manuscrijit and 
heliiful suggestions.’ 

A. L. K., Jr. 

Schenectady, N. Y. 

May 8, 1929 



PREFACE TO I'lIIRD EDITIOM 


In this revision an attempt has {urn made to eonform a; 
closely as possible to that alrea<ly oullineil and started by I’nr 
lessor Kimball before his death, so that the liook shai! remain Iiis 
work, and be representative of his ideas. 

The book is a few pa^es longer than before because, alfliougt 
additions have been made, it si'ems inadvisable for the jm'senl 
to omit or to change the original materia! except in a very fm'f 
places. 

The writer recognizes the <Hiliculty of the task he has nnder* 
taken. He hopes that his knowledge <tf Professor Kimball’s 
ideals and methods of teaching jthysics from many years of 
association with him, together with his own e-xperience as a 
teacher, is a suflident reason for attempting it. 

Acknowledgment is due esirecially to Professor h'. A. Samiders 
of Harvard University whose suggest inn;, and eriticisms of the 
manuscript have been most lu'l])ful. Aef.uouledgtnent shouhi 
be made also to Professors J. (). 'Phunip.son, W. K. (Ireen. P, I, 
Wold, W. S. Kimball, and to many others who have auied in the 
preparation of this revision. 

A. L. K., Jr. 

ScaiENKcrrAUY, N. Y. 

July, laas. 


PREFACE TO REVISI-.O EDITION 

Recent advances in j)hysieal science having made it neee.ssiiry 
to rewrite some paragraphs of the etirlicr edition, especially tho.se 
relating to X-rays and the electron theory of niiitter, advantage 
has been taken of the oi)j)<)rt unity to make a few adtiitional 
changes which class-room i>xperienee has shown to he desirable. 
Certain paragraphs relating to force an<i motion, which had Ihh-ij 
introduced before the section on statics, are now placed among the 
introductory paragraphs to kinetics, where tliey fall in lartter 
with the logical development of the .subject. The elect r<i majp 
netic units, volt, ampere and ohm, are defined and introduced 
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earlier than before. The sections on wireless telegraphy have 
bc'en mack' more complete and wireless telephony is touched 
ui)otu A section also has been added treating of the llicker 
I)hotometer. At the end of the volume a short discussion of 
('arnot’s cycle and the thermodynamic basis of the absolute 
scale of lem|u‘rature has been introduced as an appendix, also a 
proof is given of Newton’s wave formula. Quite a number of new 
problems have been added, but the old problems have been found 
to servi- their purirose wi'll and are for the must part retained. 

'Fhe author gratefully acknowledges his indebtedness to Dr. 
G. S. l-'ulcher, and to Professors W. 1C. McKlfrcsh and D. C. 
Miller, for valuable suggestions and criticisms. 

A. L. K. 

Amherst, Mask. 

July, nil 7. 


PREFACE 


In offering this work to my fellow teachers, a word of explana- 
tion is due. I'he book was undertaken some years ago when 
the writer felt the want of a text-book adapted to the needs of 
students taking the general first year course in college. As the 
work has slowly progre,s.sed .several text-books of very similar 
aim have appearecl, and it must be admitted that the call is not 
.so imperative now as formerly; and yet it is hoped that the 
treatnumt here presented may meet some still existing demand 
and so justify its existence. 

What may be called the physical rather than the mathematical 
method has been jireferrod in giving definitions and t'.Kplana- 
tions, lieaiuse it is believed that the ideas presented are more 
easily grasped and more tenaciously held when the mind forms 
for it.self a sort of picture of the conditions, instead of merely 
associating them with the symbols of a formula. 

There arc many minds that do not easily grasp mathematical 
naisoning even of a simple sort; and it is often the case also that a 
student who may be able to follow an algebraic deduction step by 
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step has very little idea of the signilicanee of the wht'lo whrn !i<* 
reaches the end. Algel)ra is not his nativi' Itingue and it takes 
considerable time and ex{)crien(’e for him to learn to think its it. 
And while all will agree that for the more tulvaneed study of 
physics, mathematics is quite indi.spt'itsahle, mtiny will grtmt 
that in a general course, which is to furui.sh to ntost of those 
taking it all that they will ever know of physics as a .scietiee, the 
ideas and reasonings should be jtresented ;is directly ;is jHtssilile 
and in the most simple and familitir terms. 

This then has been the cenlnd tiirn in the prepaniliott tif tftis 
book; to give the student clear and distinct eonceitfiims of the 
various ideas and phenomena of physics, and to aid hijrr in ihitik- 
bg through the relations between them, to the <'«d that lie may 
see something of the underlying unity of the subjtal; and h> 
carry out this aim in such a iiuinner that students may not he 
repelled by any unnecessary prominence of symlMific Tin-tliod ;, 
and yet that the treatment may liave all the exactness and 
precision in statement and deduction which the .subject (h'lmmds. 

This is a large ambition and I cannot htqM* to have Iren wholly 
successful, but I shall be grateful if my attempt is found in any 
degree to have subserved its purpo.sf. 

My grateful acknowledgments are due to Dr. th S. I-ulcher 
of the University of Wisconsin, who ha.s re.'id nearly all the 
manuscript with great care, and to whom I am indeirted for 
important suggestions, and to my e<illcui’;uo l’n»fess<»r j. D. 
Thompson whose critici.sm at all .stages of the work and pains- 
taking correction of the proof has been my.st helpfyl. 

A. 1 . L 

Amhkrsi, Mass. 

March, 1911. 
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INTRODUCllON 


those circumstances without which the given invent c!n<*s not 
occur; and then we seek to determine t.lu* viiixt of <*ach of these 
circumstances separately, and exhibit, if pi>ssi(>hn each such tilect 
as a special instance under some gencnil law. 

For example, the complex motion o( ii IkiH strut'k by a liat; 
is found to be dependent on the motion givtai to it I>y thv blow of 
the bat, on the presence of the earth, and on air resi^taiirtn 

We first try and determine how a body moves when set fntj 
in the presence of the earth without any initial blow or iininilse 
and in a vacuum. We lind in this way an unvarying rule of 
motion that applies to all Ixalies of wluitt^ver si/a* or sha|Hn and 
we call it the law of falling Ixulies. d'hat part of the nxUion o( 
the ball which depends only on the nearness of tin* is but a 

special instance under this law. Now, making allowaina.* for the 
motion due to the earth, we seek io determine that part of 
the motion due to the initial blow, and liere again we tind that 
the actual motion seems to be exactly uccortiing to a, geni*ral 
rule which is found to hold whenever an iini)ul; \\ r force* acts on 
a mass. And finally we investigate iho elTt*(i„ ot air rt‘sistant*c% 
determining how it affects a Ixxly at rest and how it modiiies 
the motion of a body moving through it, and lH*re again c'ertaifi 
general rules are found which apply not only to tin* siH*iiaI case 
under consideration, but to all cases trf fxxiies moving fhroiiglt 
air. When the effects of all three circumst arc taken inlo 
account, the motion is found to be exactly accourit'Ct! for, anil is 
then said to be explained. 

Leverrier and Adams, in analw.ing the motion of l!ic planet 
Uranus, found that after taking account of all tht* kriiiwn circiirm 
stances, such as the attractions of the sun and other jilanels 
upon it, there still remained a jxirt of its mcdiini wliicdt was not 
accounted for, and assuming it to be clue to an uriknowri planet 
they computed its position and mass, and thus the planet Nc*|i“ 
tune was discovered. 

But in, analyzing our problem we may go dec*pcr arif! show 
that the motion of the ball near the earth is such m would result 
from a force urging the two bodies together, and we may then 
discover that it is merely a special instance of the law that all 
bodies are influenced by forces urging them together or, in other 
words, that all bodies attract each other, ''When we can »Iiow 
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also that tlie forces between the air and the moving body arc due 
to tlie motion given to the air and so are simply particular 
exhibitions of the general rule which holds whenever matter is 
set in motion, we feel that a still higher degree of understanding 
is reached. 

By sucli a. process all the complex facts of nature are assigned 
tlu‘ir })laces in an orderly system. But a limit is soon reaclied 
beyond which the mind cannot go, because thinking is con- 
ditioncd by experience, and even in its profoimdest theories and 
specuhitions the mind must em])loy those conceptions wdiich it 
lias obtained from the world about it. 

3. Experiment. Physics is an exjierimental science, its gen- 
eralizations rest solely uiion experiment, and although reasoning 
U|>on establishecr facts has often led to the discovery of new 
truths of great, importance, the final appeal must always be to 
(‘xixaamcait. If tlic deduction is thus divSprove<l, it appears either 
that: tile reasoning was wrong or that there are certain elements 
entering into the problem that were neglected. In seeking for 
tlu,‘ causes of such (lis<'r(‘pa.n('i(\s new truths have often been dis- 
covered . 

An experiment is a combination of circumstances brought 
alioiit. for the purpose of testing the truth of some deduction or 
for the discovery of new effects. "Plie usual course of an experi- 
mental in<iuiry is to modify the circumstances one by one, noting 
the corresponding effect until the influence of each is thoroughly 
understood, 

4. Necessary AssumptionwS. In every <*xperirtK*ntal science 
it is assumed that the same causes always produce the same 
effcjcts and tliat the position of the event as a whole in either 
time or sfiace only affects the absolute time and position of the 
result, provided there is no change in the rclatkm time or space 
relations of the various circumstances involved. For example, 
if all the other circumstances are the same, a stone will fall in 
exactly the same manner next week as it does to-day, or if the 
solar system be changing its place in space no change in the 
:manner of the stone’s falling will take place from that cause 
alone, 

Kxj)crienc(^ up to this time has justified these assumpl ions, and 
without them progress in physical science would be imiK)Ssible. 
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FiTN-DAMKNTAL ( I KJXS 

6. Force. Our ideas of force are dcrivctl |>riiriaril\'^ from 
muscular effort. It requires an effort to lift a wm'g'ht, to throw 
a ball, or to compress a spring. The upwarti pull u|h>ii a ivoight 
at any instant while it is being lifted is a forc'c acting mi it. and 
the downward tendency of the weight wliiidi the ptill u|»[Kf>es is 
also a force. 

Anything that serves to aci'omplish wind wouhl recpiirr nnis- 
cular exertion to bring about, c^xerts a fona*. Tints a sup|iori 
exerts a force on the weight which rests upon it, and the wtnglit 
exerts an equal and opi>osiie force on thi' support, <.niipr<- imr 
it. A bat exerts a force against a ball in giving if mot ion, a 
clock spring exerts a force against the stop that |ircvcnts it from 
unwinding. 

6. Matter. Through our muscular setist* and seiist* of touch 
we are made conscious of Inxlies around us wliich resist < < .lo} m *- •. 
sion, and may, therefore, be said t.o oixaipy spa,rtn Smit iKalies 
are said to be material siibsKlancrs or imule of maUrr, 

Every object that we know of ]>ossesst*s wanghl ; that is, it 
requires some muscular effort to supjKWt it, or if if is hung on 
a spring the spring is stretched. What wr* isill its weight is a 
force urging it toward thegrouml, and a.s the weiglit of two f|uarts 
of water is twice that of one ([uarl wc* are led io flunk of the 
weight o'f a body as a l)roper measure of tfu' qu;iutif\ of inaiter 
which it contains. 

But besides weight all bodies have inertia; that is, to {irod.nce 
a definite change per second in the mothm of a }>o«Iy a, cerlairi 
force is required 

If a given body is isolated from other ptaiious f:ii' tiiatt-er, It 
may be heated or cooled or bent or twistcal or tfunpir into 
small volume or allowed to exi>and into a large one, but in all 
these changes its weight and its inertia remain unidiaiiged, 

It will be seen later that if the body is taken from one {ilace 
on the earth to another its weigkl also may cliaiigcn so that ike 
only general property of a given portkm aj nmUrr ikai amnui im 
changed is its inertia. 

It is this property, therefore, by which quanflfir-. of imilirr 
are defined, and two bodies which have equal iiieriias are 
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said to have equal masses or to contain equal quantities of 
matter.'*' 

The actual comparison of two masses, however, is usually 
made by weighing, since under the ordinary circumstances of 
weighing, bodies which have equal weights have equal inertias. 

7. Conservation of Matter. The mass of a given portion of 
matter as measured by its inertia cannot be changed by any 
process known to man. Not only may a piece of wood be bent 
and twisted or compressed without changing its mass, but it may 
be burned in the lire, and chemistry shows that if the ashes and 
vapors and gases that have come from it are collected and sepa- 
rated from the gases of the air with which they may have united, 
it will be found that the united mass of the ash and the gases 
and vapors is the same as the mass of the original piece of 
wood. 

This principle is known as the conserveUion of maUer, and is 
established by innumerable experiments, both physical and 
chemical. 

8. States of Matter. Different kinds of matter differ greatly 
in the power of prc‘S(‘rving their shape. Some, such as steel or 
cop[)er, offer very great, resistance to any attempt to change their 
forms. Such bodies arc said to be rigid or solid bodies. Others, 
like water or air, liave no permanent shape, but flow under the 
action of the weakest forces and take the shapes of the vessels 
containitig them; they arc called y/wK/x. There are no substances 
that arc cither perfectly rigid or that are perfect fluids, for the 
most rigid bodies may l)e distorted, and those substances that 
(low most frc^cly offer some resistance to change of form. In some 
cases it is diflicult to say whether a substance is to be regarded 
as solid or fluid. 

Fluids are again divided into liquids and gases. Liquids are 
those fluids t.hat can have a free surface and do not change much 
in volume under great changes in pressure. A mass of liquid has 
a nearly definite bulk though no permanent shape. Water is an 
example of a liquid. 

Gascs^ on the other hand, are fluids that do not have a free sur- 

* Arconling to ICiriHtcin’s theory of relativity (§ 1009) mass mcrea»s with 
velocity of motion, but for all ordinary velocities this increase of mass is far too 
small to be detected by the most refined measurement. 
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face, but completely fill the coniainin^^ vesscT howt‘Vt‘r nuu*h it 
may be enlarged. 

A mass of gas may be regarded as having ruitlier iHaiiiaiuiit 
shape nor size, since both of these are entirely tiettainini^d Iiy the 
vessel which contains it. Air is a familar exainpU* of a gas. 

Units and M'KAsirRKMKNTS 

9 . Measurement. The exact nuTisurenuait of all the tfuaii 
tities involved in any phenomenon is a very important p;irl of 
its study. It is largely owing to tlie recognition! of this tliaf mu ft 
great advances have been made' in physics olnrirtg tlie hist two 
hundred years. 

Every measurement is essentially a. compari.on. A t|iiafittty 
to be measured is compared with another quantity «»f the ’ana* 
kind called the unil. Thus to nuaisiire a length it is ft., „ 
to find how many times the unit of lengtli is containtHi in tin* 
given length. 

The unit must be of the same nature as flu* qiiajiliti whii li is 
to be measured, since only like things can be Thrn* 

must, therefore, be as many different kinds tfi’ unils as are 
kinds of quant it i('s to be mcasurecL 
10. Absolute Measurements. Kaeii of the unifn ‘fiph..*,; 
might be arbitrarily chosen without refenaice to any oilier; ilir 
inch might be taken as the unit of lengtln tin* Mfiiare loot as 
the unit of surface, and the quart as the unit of votunirn litil ‘Oicii 
a practice would lead to endless compllt at pri ],.]*■ wliiai 
several, different units are used in the same raliiiliilioiu for il 
would be necessary in such a case to keep < mu- In iniiui tho 
number of square inches in a square* kmi, thv imitilier of 
inches in^a quart, etc. It is far simpler after diooo'sig the irtrli 
as the unit of jength to take the square inch as the* imil td' 
and^the cubic inch as thsit of volume. The same '•‘h 
applies in the case of all other units; none sfiontd hr ciiioeii 
arbitrarily which can be directly derived from tlici.He wlikli liavi: 
been previously selected. 

A system such as this in which there are a few arliitriirily 
chosen ^ fundamental units, between which no krtnwri 
tion exists and from which all other units are wiliioiii 
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introducing any new arbitrary factors, is known as an absolute 
system of units. 

11. Fundamental Units. All the phenomena of nature are 
manifested to us in lime and in space, through the agency of 
mailer. It is natural, then, that the fundamental units adopted 
as the basis of the system of measurement used in jdiysics, shouh! 
be the units of lime, and mass. These are also convenient 

units, for lengths, times, and masses may l)e compared with great 
ease and i)recision, and all units that relate only to mass, motion 
and force or that depend on these by definition may be derived 
directly from them. 

Physicists usually em|)loy what is called the ceiiiimeier-gram- 
second (C. G. S.) system of absolute units in which the centi- 
meter, gram, and second are taken as the units of length, mass, 
and time, respectively. 

This system has the a.dva.ntag(‘ of being in use by physicists 
all over the world, and therefore results expressed in its units are 
intelligible everywhere, l^ut an ab.soIute system might be based 
on any three units of length, mass, and time whatever, dims a 
foot-pound-sccond system is used extensively in Miglish-s|>ea.king 
countries. 

12- Uait of Length- The unit of length in the C. G. S. system 
of absolute measurement is the cenlinietcr, or one-hundredth 
part of a meter, llie meter is the distance l)etween the ends of a 
bar of platinum which is kept in lliris and known as tlie Afelre 
des Archives, the bar being measured when at the ((‘mptn'af urt/ 
melting ice. This bar was constructed l)y Borda for the h'reridi 
Govtn-nimmt , and was adopted by them in 171)9 with the view to 
its becoming a universal standarcl of length; it was inltuKled to l)e 
exactly one ten-millionth part of the distance from the equator 
to the pole measured along a meridian on the earth. 

It is now known that the earth’s (iua.dra,nt is about 10,000,8511 
meters in length, but as distances can l)e more easily and accu* 
lately c()mpa.rc‘d with the length of the bar at Paris than with 
the length of the earth’s quadrant, the former still continue.H to 
be the standard of length. 

The English standard of length from which the foot and inch 
are determined is the standard yard, which is the ‘‘'distance 
between the centers of the transverse lines in the two gold i>lugs 
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in the bronze bar deposited in the oHice of the ICxdu‘qii*‘r 
measured at the temperature of I". Tliis standarti yunl 
represents about the average length of the etiiiy yard nuarsures 
that were in use, which were probably adoptiai as tn’ing half 
distance which a man can stretch with Itis arms. 

1 yard — 91.43885 centimett*rs. 

1 foot = 30.47915 a‘n(inu4ers. 

1 inch — 2.54 etadirmh^Ts. 

1 mile = L()()t)35 kilometers. 

1 meter — 39.37 ineht\s. 

13. Unit of Mass. The unit of mass in tlu^ (\ (7 S. svsirm 
is the gram, or one-thousandth part <4' tlu‘ standard kilo^trarii. 
which is a mass of platinum kept at Paris and known as the 
Kilogramme des Archwes, The standanl kilogram was infmided 
to represent the exact mass of a euhie cieeimeter of distilled 
water at its greatest density or at tlu* temperaf urr 4 i\ 

The gram is, therefore, eciual to tlu^ nuiss a eiihii ( rfil iinef 
of pure water at 4"' C. This relation Ingwaam tlie etihii lenfi 
meter and the gram is exceedingly eonvenitm! . fur it enahir’N tis f<» 
determine the volume of an irr(‘gular Vi\sse! fonn the wrighf of 
water which it can contain. But it is not a dirtal rfiatittii like 
that between, the unit of length and unit volume, Aside 
from convenience^ there is no reason wlty a euhie' eentiimUer of 
copper or mercury or of anything else irugl'it not have lit'en takr’ti 
as the unit of mass. 

Since two masses may be i'ompand with a. far higher degn-t* 
of accuracy than that with which tlie weight of a cubit' etuili 
meter of water can be determined, the dt:i Ari'hiu‘% 

is the real standard on which all metric wrigkin arc ha mi. 

The unit of mass in common use in vuiAnui-ihi:: m Ihe^ |ioiirid 
— 453.59 grams. 

14. Unit of Time. Intervals of time arc ahmys ramimmi 
by the motions of bodies, ''Fwo intervals of timr* are drumA as 
equal when a body, moving under exactly the same vmmmimuvn 
in both cases, ^ moves as far in the one time as in the tilticT, Hie 
heavenly bodies have in their motions always fiiriiislii^d irtr^asiires 
of time. One of the simplest natural units of 'lime is l lie {ierii„»i'i of 
Af whirh i.Q thi* interval of tinic lielweeti Iwti 
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successive meridian passages of the same star. This is known as 
the sidcmil day, and time reckoned in this way is called sidereal 
time. By considering the possible effect of tidal friction in re- 
tarding the earth’s motion, Adams concludes that the period of 
rotation of the earth has not changed by more than one-thirtieth 
of a second in 3000 years. 

The ordinary day is determined not by the rising and setting 
of the stars, but by the motion of the sun. When the sun is on 
the meridian it is said to be sokr or af parent noon. The interval 
of time between two successive apparent noons is called the 
apparent or solar day. It is this time which is indicated by 
the sun dial. By means of clocks, which are machines con- 
structed to run with great uniformity, one solar day may be 
compared with another, and it is thus found that they are not 
of equal length. The average length of the solar days in a year 
is known as the fimm sokr day. 

The ordinary standard time used in everyday life is mean solar 
time. 


The unit of time in the C. G. S. system is the mean solar 
second or the 80400th part of a mean solar day. 



MECHANICS 

L GENERAL PRINCIPLES 


16. Definitions. Mechanics treats of the motions of nwsscs 
and. of the effect of forces in causing or modifyiiut tlmse inolions. 
It includes those cases where forces eaus(* relative niotinn., of the 
different parts of an eiaslie body c;iusinK it to chaiiite it - -hape 
or size, as when a gas is compressed or a spring bfiit, Sn< h 
changes in size or shape of (lifferent portions of a body are « ailed 
strains. Bodies which do not suIBt strain when acteii ttji by 
forces arc said to lx; r/g/V/. 

All known bodies yield more or l(‘ss to distorliiig or eompre.'.im! fon*"., 
but when considering the motion of a boiiy as a nlioie, ail hodie’ in nhii ii 
the strains are small may he regarded as uraetitally rigid, r!tU'< we jsi.iv 
treat the motion of a grindstone or of a siiell from a riiied gun ;e. Itnnigh 
these bodies were rigid, though vve know that tliey are sliglitiv •ii.iined by 
the forces acting. 

Mechanics is usually subdivided into kinematics and o. it !, , 

Kimmaiics treats of the eliaraeleristies of dillerenf kinds id 
motion, and of the modes of slniin in ela.stic bodies withmU refer' 
ence to the forcc-s involved. 

Dynamics treats of the elTcct of forces in r unsing or mi.dil’vjuy 
the motions of masses and in pnahn in:; strains in «*!;t'du liodies, 
It is usual to treat dynamics under llie heads stalks and kimiks. 

Statics is that part of dynamies which deals with bwitei in 
equilibrium or when the several forces that may he involved are 
so related as to balance or neutralize each other, »» far as giving 
motion to the body as a whole is concerned. 

Kinetics is that part of dynamics which treats of the elfect of 
forces in changing the motion.s of lx)tUes. 

Ideas and Dkkinitions of Kim.mu t. 

16. Motion Relative. When a kxly is i hunftine, its {»sittoii 
it is said to be in motion. There is no way of tixitiK the r«»si 
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tion of a body except by its distance from surrounding objects. 
When it is said, therefore, that a body has moved, it is always 
meant that there has been a change in its position with ref- 
erence to some other objects regarded as fixed, or in other words, 
there has been relative motion. Thus we know only relative 
motion, and when we speak of an object as at rest we usually 
mean with reference to that part of the earth's surface in our 
vicinity. 

17. Displacement. The distance in a straight line from one 
position of the body to another is called its displacement from 
the first position. To completely describe any displacement, its 
amount and direction must both be given. 

If an extended rigid l)ody is displaced, as when a book is moved 
on a table, it may be moved in such a way that its edges will 
remain parallel to their original directions, in which case the 
displacements of all points in the body will be the same both in 
amount and direction. The motion is said to be one of simple 
trandaiion without rotatwn. But in general when a rigid body is 
moved there is rotation as well as translation, so that to bring it 
into the second position from the first we may first imagine it to 
1)0 translated till some i)oint in the object is brought into its 
second position. I'hen by a rotation about a suitable axis 
through that |;)oint the whole body may be brought into the 
second position. 

18. Vectors and Their Representation, All (juan lilies which 
involve the idea of direction as well as amount are said to be 
vector quantUics or vectors. Such are <lisplacemc^nts, velocities, 
forces, etc. While (|ua.nliiies having magnitude only, without 
any reference to direction, are known as scalar ciuantities. Vol- 
ume, density, mass, and energy are scalar magnitudes, A vector 
ciuantity is rt'j)r(‘si‘nle<l by a straight line which indicates by its 
direction the direction, of the vector, and by its length the 
magnitude of the vector, the length being measured in any 
convenient units, provided the same scale is used throughout 
any one diagram or construction. 

It must be remembered, how(‘V(T, that a vector r(‘|)resenle<l by 
a line is not the same as that rei')resented by JM, one is the 
oj )]■')( )sitc^ of the other, or AB ^ — JBA. This will be evident if 
A£ represents a displacement from A to B. A displacement BA 
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will exactly undo what the other acx'omplished, and tlie 

body back to its starting point. The straight liiu* reprt'srntiiig 
a vector is, therefore, commonly represented witii an arnnv head 
indicating its positive direction. 

19* Composition of Displacements. If a man in a railway 
car were to go directly across from one side to the* tglier, say from 

. A to (Kig. 1), then the tiite J 
will repres<ait both m ana unit and 
direction his displactaniMif vnti ■ 
sidered ordy with resfuni to thr 
car. Hut if th(‘ ear is in molitni 
.and in the nuMOtime lias adv;ine’ed 
through the distanet* \ the man 
will eviderjtly (’onu* to^ // iii’-.tr*ad 
of to B. The displacement of the car with refercan'e t<» the rarth 
is AC and the displaecatuait of the man relative to the eart!i is 
AD. This is called the resuliani dis- 
placement of the man, of which AB 
and AC are the components. 

Another way of stating this is that 
the man received simultaneously two 
displacements AB and /1(’, for if he 
had not been disi)laccd in the dirca'tioft 
AC he would have gone to B, whilt^ if 
he had not ha<l the <lis{>lacement yl/i 
he would have been carried to C. 

From the above it is evident that 
the resultant of any numl)er of simul- 
taneous displacements may l>e found 
just as if they had been taken succes- 
sively. 

For example, let it be required to 
find the resultant of four displaca?- 
ments represented in amount and direction lyv tlie vec*|fir:'i A, 
By C, D (Fig. 2). If A were the only displamuriH , tlw luniy 
would be brought from 0 to a, but B is also a com|imtritl Si 
placement, therefore draw equal and panillr! tci /f, arit! fttr 
result of the two displacements will be ivprr,->rn|rd by the din.- 
tance Ob. Then in like manner draw C^ and i'B roital aiitl 
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parallel, respectively, to C and D, and it is clear that the result 
of the four displacements on a body originally at O would be to 
transfer it to O'. Therefore the resultant of the four displace- 
ments is the single displacement R, and this is so whether the 
component displacements occur simultaneously or successively. 
The particular order in which the several components are taken 
is quite immaterial. 

This construcMon by which the resuUant is found is called the 
diagram of displacements, it is perfectly general and applies whclker 
the components arc in the same plane or not. 

20. Composition of Vectors. The above construction is a 
particular instance of the addition or composition of vectors. 
By a precisely similar process the resultant of any set of vectors 
may be obtained whether 
they represent forces, ve- 
locities, momenta, or any 
other quantities having 
direction as well as mag- 
nitude. 

21. Resolution of Dis- 
placements. There is only 
one resultant disidacement 
that can l:)c found when 
the components arc given, 
in whatever order they 
may be taken. If it is requir(‘d, however, to resolve a given 
displacement into its ('ornponents, there are an inhnite numl)er 
of ways in which it may be done. For exami)le, the disphicenumt 
AB (Fig. 3) may be regarded as having Ac and cB as its com- 
ponents, or Ad and dB or Ae and eB, or it may be considered 
the resultant of the three displacements Ag, gh, ItB. Or if any 
l)roken line whatever be taken starting at A and ten-minating at 
B, AB evidently will be the resultant of the displacements which 
are reioresenled in amount and direction by the several parts of 
the broken line. 

22. Resolving of Vectors. What has just been said of the 
rt\sc)lving of a clisphiceiTKmi into components is equally true of 
the resolving of any other vectors whatever into component 
vectors, and applies to the resolution of velocities, forces, etc. 


h 
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23. Velocity. The velocity of a, l)o<lv is llu'' rale at wliieh tl, 
passes over distance in time, it is a, veel<u' qiuinlity* its 

tion being as important as its amount. 1 lu* term is tamib 

iarly used to express the amount of vt‘loeit y withotit rrfereiur tti 
its direction. Two bodies may l.)e moving witli tlu* •'Sime rqit^sl, 
but if they are not going in the samt* dirtHiion thiir \ t loviti***; 
are different. 

This is the strict use of the word vtiocity : it is oflcai .-Huinowlntt 
loosely used to express merely tlu‘ spe(‘d of motion, 

24. Constant Velocity. \Vhen a I.hhIv inovtv. in a, ?4raie!tf 
line always passing over equal <listanc(‘S in equrd tinir-. it is said 
to have constant or uniform velocity. It is i*videiif tfiat I ho 
motion must be in a straight linta otluauvisi' Xlw ilirrt lion 'Ol tfir 
velocity would not he constant. 

In this case of motion if the Uaigtli of any part of the patli lie 
divided by the time taken for the Ixaiy to traver.sr that jiorfioin 
the result is what is called the rate* of we/hun or the diiUaiiee 
passed over per unit lime, and is tlu^ sarne w!udt.*ver jiart of the 
path may be chosen. It is this (luantity which is file or 

the amount of the velocity. 

Thus when a train Ls moving with <*(mstant vaTu'lty, the iiiirnhrr of triiles 
run in a given time (livi<lcd by tliat time (vjkpreHsed tii i’* llir 

in miles per hour. 

26. Variable Velocity* When tdllum the rate or direcli«in of 
motion of a particle is changing, it is said to t>e riiovtiig with 
variable velocity. Thus the velocity is varying in of a f*ill 
ing body which constantly gains in speed or in rmr tif ;% ritil- 
way train rounding a curve where the direrlioii of iiiiilinii h 
changing. 

To understand what is meant by the speed of riiotioii iil a 
particular point when the velocity is constantly . wr 

^ may consider a short iKirliori k: 

^ ^ (Fig. 4) of the path of file iKwJy 

having at its middle the fioiiil ii 
at which the speed is to be determined. Divide llie lerigtli of 
k by the time taken by the l)ody in (ravcr>iu;^, it, The 'remit 
will be what may be called the memge s|>ecil over lliiil fiiirt of 
the path. If, now, the part chosen is taken sitialler and 
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smaller, always having the given point at its center, the average 
velocities thus found will approximate more and more nearly to 
the true velocity at the given point, and that value which these 
successive approximations continually approach as a limit, as 
the distance be approaches zero, is the speed of motion at the 
point a. At each instant a body has a certain speed, but it may 
not be constant even for the shortest interval of time that can 
be conceived. 

So also with regard to the direction of motion. If the body 
moves in a curved path, its direction of motion at any point 
is the direction of the tangent to the curve at that point, and 
as the direction of the tangent constantly changes as we pass 
along the curve, so the direction of the velocity in such a case 
may be different at one iroint from what it is at a neighboring 
one, however near together the 
two points may be. 

26 . Composition of Velocities. 

If a body has at any instant 
several component velocities, 
the resultant velocity may be 
found by the vector diagram as 
in the case of the comi)OBition 
of displacements. 

For instance, suppose a ball is thrown in a moving railway car, 
it is rc‘(|uir<*d to llnd the velocity of the ball with reference to 
the earth. Let A B rei>rcscnt the velocity of the railway car, 
say 50 ft. per second, and let AC be the velocity of the ball as 
thrown ol)lictuely across the car with a velocity of, say, 40 ft, 
per second. Then, laying off the vectors AB and 3D with the 
proper relative direction and length, the resultant velocity is 
r(‘[)resentcd by the vector AD^ which is found by measurement 
(using the same scale as in laying off A B and BD) to be 70 ft. 
per second, and this is the resultant speed of the ball relative 
to the earth. If the angle between AB and AC is given, the side 
AD of the triangle ABD may be calculated by trigonometry, 
using the formula 

AD^ = + AC^ + 2AB ^ AC ^ cos CAB, 

in which cos CAB replaces — cos ABD* 
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27. Resolutioa of Velocities. Any giveii vcltuit}" may als-o fra 
resolved into component velocities. ln»r inslaiuaa MippiHt* a 
man is rowing a boat with a velocity oi 10 It. per second in a 

direction making an migle of 
;i0*"’with tlii‘ straigh't shore e»f 
a lake, ami if reqihre«i fo 
<Iefi‘nnine how fa^t lie i-. mov- 
ing along tht.‘ sluire and htvw 
fa.st he is menirtg '<nif info 
the lake. Let J /’? i Lig. 
repnrsimt a \’eloeiiy of Iti it, 
per second. I)raw/1(’ parallel with thi' sliore anri making an 
angle of 3(f with AB. Draw CB perptmtlieuhir trt Jl , rtien 
ylC and CB will represent two vc^loeities. one parallel t!ir 
shore and one at right angles ip wliose n^siiitanl is .1/1. 
Therefore the boat may l)e regardtal as having a %'eleH ily Ic' 
parallel with the shore and a vehH'ily i*B at right ang!«*"* to it. 
and the amonnts of these may hv found l>y nuaisnreiiirnt , ii'diig 
the same scale as in laying off AB. Or wv may calculate ihnii 
by trigonometry, for 

AC — A/D cos 3(L /!(’ HA)i\ ft. per st^comL 

CB = A/D sin (B ■■■■ a ft. per .Necond, 

It is frequently necessary in practu-e to r*‘soh*i* a veloi’ifc' or 
other vector into two component.s which are mnfn.di} at right 
angles as in the case just discusse<l. ami stj tin's while nm* of 
the simplest, is one of much importame. 

28. Acceleration. When the velocity of a Po«ly rliaiigcs eif tier 
in amount or direction the motion is .said to hi* am I 

the change in velocity per unit time, nr the time rate of iliaiigi* 
of the velocity, is called the rate of aeaieraiiiai iu* sirripiy file 
acceleration. 

Change in velocity may always be thought i»f as diir to the 
body receiving an additional conijjonml wloiily W'hiclt U coin 
pounded with the original velocity, the veliK''tt,y after the tiiitiigc 
being the resultant of the two. 

For example, in the upper diagram of figure 7 ii tMuty iiioviiin 
in a straight line is represented as having a velorify rif al d' 

— A « of U in w4iy''itv 
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sented by the vector C which must be added to Vi to give 
The average rate of acceleration between A and B is therefore 
found by dividing C, the increase in velocity, by the time taken 
by the body in passing from A to B. In the second diagram t >2 is 
less then ^ 1 , and so the change in velocity is represented by th?e 
arrow D and is negative or opposite to the original motion. In 
the third case figured, the motion is along a curve and the velocity 
at B is not in the same direction as the velocity at /I, but a 
velocity represented by E if compounded with Vi will give 
as the resultant. The velocity E is, therefore, the change in 
velocity between A and Bj and dividing it by the time during 



Fig. 7 

which the change has taken place or the time of motion from 
A to B, the average rate of acceleration between A and B is found. 

29. Acceleration in Rectilinear Motion. If the motion is in 
a straight line the velocity changes only in amount and not 
in direction, and the acceleration is calculated by dividing the 
change in speed during a given interval of time by the time 
intervaL Or, c^xi)rcssing it in a formula, 

u 


where u represents the velocity at the beginning of the interval 
of time t while v rcj]>rcsenls the velocity at its end. This formula 
gives, in general, the average rate of acederatkm during the inienml 
of time tj but if the acceleration is constant it gives the actual rate. 

Thus if a ball with a velocity of 50 ft. per second has, after 
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one-half second^ a velocity of ‘10 ft. |H?r set'ond in flir saint* d'lrt^c- 
tion, the average rate of the acceleration during llw iiittu‘val is 


40 ft. per sec. — 50 f t. per sec. 


1 

2 


sec. 


20 ft. pi‘r stH'. per sins, 


the negative sign indicating that tlic acct*lt‘rat ion is npjjudtt* in 
direction to the original velocity and tlu‘rt‘ftna* tin* veltnlly is 
decreasing, 'Fhc above is written in ablirt'vialini tVain as tollnws; 



sec. 


no 


ft. 

St‘C. 


1 

2 


sec. 


20 


ft. 

sec," 


30. Composition and Resolution of Accelerations. Wlirii a 
moving body has several difierent. accelerations, as wlieii ;i riian 
in a railway car starts to walk in tlie i*ar wliile tin* spreil of thv 
train is changing or while it, is rounding a. i'lirve, the sevinal 
accelerations may be coinp<nind{‘d and their resultant foiiiid just 
as with other vectors. So also an accelenitic.iii iiuty la* resolved 
into two or more compoiK'nts. 


PROBLEMS 

1. A man walks J mile in to minutes. Wliiil. is iiki avenine vrioeilv In 
feet per second? 

2. A train has a velocity of 30 miles per lanir; wlial k it,M vrh.Kity* in 
feet per second? 

3. A bicycle rider is traveling north at the rale of HI riiilcH |'«t liuiif. If 

the wind is blowing from the east at the rate of n mlleM pri' lioiir, wloit h 
its apparent direction and velocity to the rider? Shm t,lir hy 

a diagram, 

4. A man rows a boat at the rate of 4 miles ptr limir, making iiii anile of 
30® with the straight shore of the kke. How fast k lie tnoviiii awa,y Imin 
the shore? 

6. Draw a diagram to scale showing the dlreiilon In wtilrb ii liiiiii itiiwl 
row, across a river in order to reach a cllft!i1ly if lie mm» 

Z miles per hour while the speed of the current is 2 |i€,r Itour. 
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6. If the river in the last problem is J mile broad, how long does it take to 
cross it as described, and what is the velocity of the boat relative to the shore? 

7. A ball rolling down an incline has a velocity of 60 cm. per sec. at a 
certain instant, and 11 seconds later it has attained a velocity of 181 cm,, 
per see. Find its acceleration. 

8. A body having an initial velocity of (50 ft. per sec. has an acceleration 
— 32 ft. per sec. per sec. Find its velocity at the end of 1, 2, and 3 seconds. 

9. A railroad train having a velocity of 40 miles per hour is brought to 
rest in 1 minute. Find the acceleration in feet per second per second. 

First Principles or Dynamics 

31, First Law of Motion. When a ball on a table starts to 
roll, ex[)crience convinces us either that the table is not level or 
that some external force other than gravitation has caused the 
motion. On the other hand, when we see a ball that has been set 
rolling on a level table, gradually losing its speed, we are equally 
satisiled that there is some force resisting its motion. For it is 
found in such a case that if the table is made smoother and if air 
resistance is gotten rid of, the ball loses speed much more slowly 
than before. We are thus satisfied that if there were no force 
resisting its motion the speed of the ball would remain unchanged. 

dliis conviction, arrived at through experience, was clearly 
enunciated by Sir Isaac Newton in the lirst of his celebrated Laws 
of Motion, pulilishcd in his Principia^ in 1686. 

First Law of Motion : Every body continues in its state of rest^ 
or of moving with constant velocity in a straight iine^ unless acted 
upon by some external force. 

32. Discussion of the First Law of Motion* The first law 
asserts that force is not required to keep a body in motion, but 
simply to change its state of motion. After a railroad train has 
attained a constant speed the entire force of the locomotive 
is spent in overcoming the various resistances that oppose the 
motion, such as friction of wheels and bearings and air resistance. 
But for these the train would maintain its speed without aid from 
the locomotive. 

I'herefore, when any object is observed to be at rest or moving 
with constant speed in a straight line, we conclude either that no 
external force acts upon the body, or that whatever forces act 
are so related as to neutralize or balance each other. 
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Since we measure equal times by the e(iual t hroiiyh \dikh t hr rarth 

has moved, the law that freely moving luMlies niijve through eqiad 
in equal times may seem simply a conse({uence (»f tlu‘ mode of tleiiuiiiy r»|iia| 
times and without any physical significance. But tire stateimiit of hrr 
really asserts the physical fact that ■/;/ cn.vc t{/ tiny hrr luniifs ‘u'firif.fr, un-.u ir i 
on by external forces, lokile one body moves ihronyh sunessiee rrua! dl\ian:r\, 
the distances traversed simnltaneonsly by the other body arc idso r.juoi 
themselves. 

That this is true whatever the nature <d the h(»dies ivmt'eriie‘*i u f„it t ♦'! 
nature that rests on experience, and cannot l>e n‘gard<*d a,;, known 


33. Inertia. The properly, ('onirnon to all kinds nf mat tor,, 
that no material body can have its state of rest or inofioit i Iniiiyii} 
without the action, of some force, is kiunvn as ineriiii. I'lte 
amount of force required to prodiu'e a given ciiangt* in the inotiun 



B 

Fig. 8. Inertia 


of a body depends botli on the beid) and tin fhe 
suddenness of the change to be protiiu tai. 

Any force /towever smalt can yj.r as yymi a 
velocity as may be desired io any mas\ lunvrrer 
greats provided it arts for a long enouyk iimr. 

If a weight rests on a slund of paju’r on a ta!i!e 
it may be drawn along by iniuiiis of tlic- pajier, lor 
there is friction Iretween thr Iavci and it o-.jo'o' ! 
a certain force to slip' tlu* ont' ov'er the *dhrr, 
If, therefore^ we do not a! tempi io ai/t^eiendt ike 
wcighl too rapidly, the friiiiim wd!! rriti\'e the 
weight along with the |>aprr. But if we at tempi 
to start the wtdghi suddenly, or eiunigi^ its 
velocity suddenly while nan'ing* the paper will 
at once slip from uiuler it, for the forn* rtnquirrd. 
to produce the sinhhm rtiaiige of iiioiion iji 
greater than the friction liriween the tivo. 

Again if a lO-Ib. weight Hi is tiling fiy a 


cord from a fixed support and if it is drawn steadily «li:nvii%viird 


by a piece of the same cord attached to it iiiideriieatln llte ronl 


will break above the weight, for the force exerted hv I lie tower 


cord upon the weight will cause it to move dnwnwmd, -aniining 


the upper cord with the combined force due botli Io the wdgkt 
and the pull. ^ But a sudden pull will tjreak the taird hkne I lie 
weight. For in consequence of its inertia the weiglil riiiiiiol 
be set in motion as suddenly as the cok,I is nulled witkiiit tlii! 
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exertion of a greater force than the cord is able to bear, so that 
the cord breaks even before the weight has moved downward 
enough to strain the upper cord to the breaking point. 

The complete statement of the effect of a force upon the motion 
of a body is embodied in Newton’s Second Law of Motion, 
and will be discussed when we take up the study of Kinetics 
(§03). 

34* Measure of Mass, The inertias of bodies may be com- 
pared quatititatively by the amounts of force required to acceler- 
ate them at the same rate, and when they are thus compared it 
is found that the inertia of a given portion of matter is always the 
sa?ne and cannot he increased or diminished by any known process. 
Consequently the inertia of a body is the sum of the inertias of its 
several i)arts, the inertia of two quarts of water is twice that of 
one quart whether they arc combined or separate. 

It is for this reason that the quantity of matter in a body, or its 
mass as it is called, is measured by its inertia as compared with 
tliat of some standard piece of matter taken as the unit of 
mass. 

Therefore, masses are said to be equal ivhich acquire equal ve^ 
locitics ivhcn acted on by equal forces for the same length of time. 
I^'or example, su|)pose two masses are drawn side by side over a 
frictionless surface by two spring l)alanccs at such a rate that 
each l)alancc is kept constantly stretched, say to the 4-02:. point, 
so that they exert equal forces; then, if the masses after starting 
together keep pace with each other, they are ac‘(juiring velocity 
at the same rate and consequently are ecpial. 

Of course such an experiment serves clnclly to illustrate what 
is meant by saying that equal masses have equal inertias, for it 
would be imi)ossil)le to directly compare masses in this way with 
any degree of accuracy. 

d'he actual comparison of masses is accomplished with great 
accuracy by loeighing; for it is found that m.asses which have 
equal inertias have also equal weights, provided they arc weightMl 
in a vacuum at the same point on the earth. (§ 102). 

35- Measure of Force- A force may be measured in three 
ways: 

1. By the weight that it can support. This is the gravitation 
method. 
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2. By its potver to strain an elastic bodyu as in I fin 
spring balance. 

3. By its power to give motion to a mass. 11iis is tlin • :y ik;. :;;i, ;?.! 
method. 

The first method is very convenient and forms thejiasis 
measurements of force in engineering and ordinary liha Intf if !t;i:H 
the disadvantage that the force reiiuireti ^n|>iK»r^ a, jiMuial 
weight varies from place to ])Iace on tlie t*ailfn 

The second method is convenient for C(anj».iru:.‘ ttn'ics, l*iii ilii» 
elastic properties of one subslaiu’e <lihVr from tliosi' of anof||<^i\ 
besides being dependent on temptmil ur<* and phyM*ra,I tondition, 
so that a standard force could not he preserved itr aciurately 
defined by this method. 

The third m.ethod is very important betauna* it i:. usefi fo ilrtine 
the standard of force in iihysies. It. is ditfnntt to apyily r'\ie{il in 
directly, Inii furnislies u unit ni joi’i'e wiiicli 
depen(,ls only on the inertia, of inaiter aii«l 
is, therefore, absolutely invariaJile and wri! 
suited to Ik* a standard hnao., 

36, Equal Forces, 'Idvo torcea are saiil 
to be e(piiti when the veloiity oi a givfi'i 
mass is incn*as<*d a,l. lire sjitnr rate per 
second by oru* Umv as I,n“ the of her. Wlieii 
two such fo.rces ai't .in “pp*'' it' ihreefioiw 
on, a given mass they neuinili/,.e or lialaiiee 
each otl'U'f so far as any cut ilir ##ie|ieri 
of the mass is i.*onct*riie«L TIiiih wlirii ii 
cord is stretched hori/4inta!ly firt%vrer'i two 
spri/ngs, t.hc forrt.*H exerird by ll'ic^ si'iritip 
are e(|ual and t»ppo..it\- tiU'ig ns liir cord 
remains at rest or moves witii iiiiihiriii 
velocity. 

37, Stress* When ii weight h ’d T 
by a uniform cord, every |..iaff of it'ii* itini 

is stretched, and if the weight of the cord iisel.f is so %mmll tlial 
it may be neglected, the stretch of every of it, is llir siinie 
whether it is near the upper or lower end iirifl whairver t:ie 
the total length. The section AB (,Fig. 'll) .is i"iii!l*a:l up by 'itie 

mrd a.hAve A and k nnhi^d flawti fw fh#.* II litLl It. 




DYNAMICS 


23 


therefore, stretched until the contractile force of its own elasticity 
balances the external stretching force. In this way every portion 
of the cord is subject from without to an external stretching force, 
and it exerts in opposition to this an internal contractile force and 
is said to be in a staic of stress. In this case the stress is called 
tension^ and every* portion is subject to forces which tend to 
elongate it. When a weight is supported on a vertical rod or 
column the whole support is in another state of stress called 
pressure or compression^ for the forces that act on any part of the 
rod tend to shorten it. l^csides tension and pressure there is a 
third kind of stress, called shearing stress j which tends to distort 
or force out of shape the parts of a body. This is the stress in a 
rod that is being twisted. But the further discussion of this 
matter must be left until the elasticity of bodies is considered 
(§ 242), 

38. Action and Reaction. Every stress has a double aspect, 
Idius when a weight rests on a table the force between the two 
may be regarded as a pressure down on the table or an upward 
push against the weight. When a cord is supporting a weight, at 
every cross section in the cord there is a downward pull on the 
cord above the section, and an upward pull on the cord below 
and these two are exactly equal. When a magnet attracts a 
piece of iron the force may be regarded as drawing the iron 
toward the magnet or the magnet toward the iron. 

l^hesc kvo aspects of a stress are known as the action and r^r- 
action; they are exactly equal and opposite. This fundamental 
fact was stated by Newton as the Third Law of Motion. 

Third Law of Motion : ZV every action there is an equal and 
opposite reaction. 

39, Discussion of Third Law of Motion. When a weight rests 
upon a table it is pushed up with a force equal to that which it 
exerts upon the table. The table, therefore, presses a heavy 
weight upward with more force than it exerts on a small weight. 
The only limit of the power of the table to react is its strength. 
It is instructive to consider what happens when a weight heavy 
enough to crush the table is placed upon it. As it is lowered upon 
the table it presses more and more until the limit of the table’s 
power of resistance is reached, when in breaking down it begins 

v frnm the weight at such a rate that the reaction 
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which it exerts is at every instant exactly equal fc* t la-* I'lre'-ain* tu 
which it is subjected f.)y the weigid. bur it a brnly iiati'i-; 
fast enough from another which is pn^sstug ufuiii it thr* |irr'-'ane 
may be diminished to any extend. 

When a ball is struck l)y a bat tiu* force upon rhr- baf a,f e\'i'ry 
instant while they are in coidact. is the satne .i:s tliaf whiili tlw 
bat exerts upon the l)all. 

40. Composition and Resolution of Forces. \\ hen i veral 

forces act simultaneously on a, i>artiele ///c siiuiir rc.va/fa?!/ leree 
may be Joimd by the diaj^ram of mhfrx jmd a-* in ea-^e nf 

accelerations. Idiis follows trom the tail that ivhrii a partiile 
is acted upon by a force* it is atHH‘h*ratet! in tin* same t!ire»' f itai 
in which the force acts and l>y an amount whit fi | -rs a •. e-':, . 

to the force. (See §§ 9H dt.) If st*veral forcr:*^ a, cl iijicui the 
particle simultaneously, each forct* prtHhn/eN a t'oriipoiiriif ni at', 
celeration proportional to it.. /Flvus to every acceieralitm coiit'" 
po,neiit a co.rrcs})onding force eompianad t*xtsls, aiid. tii«* re'Vuitant 
force is found l.)y a diagram of vt^ittrs trptr,. .mP-' lortr^^, jie 4 , 
as the resultant acceleration is fouml !.ty a tiiagraiii *4 vn tors 
representing acceleration ('omponenf Sincr* fhi* a.*/cr!f*ratioii‘’i 
are 'proportional to the forct's tht'* Vinior tiiagraii'is .‘dniilar 
and the resultant force is in the same tlirtai ion the rf-mltaiil 

acceleration produced l)y it. 

Thus any force may Ik* consitttwt! as I hr rt-ailiani oi two 
or more component forces, ami these iomp.m. nt imiy be lourMl 
just as the compo'ucnts of an at*ct»lernt.ion are fouitft. 

41. A Special Case. SupiK>se the vector .1/1., live iiriit'^ loinc, 

represents a force of five pountls, acting ohHqt:r!r mi a ni 





Fig. 10. Ol:)lique force on block 


w(H,Ki resliiigoii a fatihn and if is 
reijuired to 'liml how iiiiich forri* 
is I'lressing the block agaired the 
t.al>ie ami how tiiiirli is «ridii,g 
it along its siirfat'r. d1ir vn. lor 
Ali may be re?«ih*eii m Jiitif rx 
plained into the two ^ 

AC and ili, %viiere >li nq^re- 


sents the force pressing the block against, the siirboe ami c 71 


represents the force pushing it along the? siirhiee. 1*lte .atfnoiirii 
of these components may be determined either by direct ifieii.?aire='' 
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ment, using the same scale as in laying off AB, or it may be 
calculated as follows: If F is the amount of the force AB and if a 
is the angle between AB and the table top, then 

AC = F -sin a, 

CB == F • cos a. 


II. STATICS 

Equilibrium of a Particle 

42. Equilibrium. Before taking up the study of the motions 
of bodies as determined by forces, we shall consider some cases 
in which the various forces concerned are. so related as to balance 
each other, so far as the motion of the body on which they act is 
concerned. 

A body is said to be in equilibrkim when any forces which act 
on it are so related that the body is not accelerated. Thus a body 
at rest is in equilibrium, also a body moving with constant 
velocity in a straight line, also a body turning with constant 
speed of rotation about an axis through its center of mass, as in 
case of a well-balanced wheel, also when such a wheel is not only 
turning with constant speed, but moving along with constant 
s))ee(L Thus a wheel rolling in a straight line along a level sur- 
face or a wheeled vehicle like a car on a straight level track is in 
equilibrium if moving with constant speed.*^ 

We shall iirst consider the ecjuilibrium of a particle or a body so 
small that the forces acting on it may all be considered as acting 
at one point. Afterward the conditions of equilibrium of an ex- 
tended rigid body will be taken up. 

Whether a body is to be treated as a i)articlc or not depends 
on circumstances. For instance, in astronomy the sun and 
planets arc treated as particles when their shapes and distribution 
of mass do not affect the question considered. 

43. Equilibrium of a Particle. A particle is in cquilihrium 
when the resultant of the forces acting on it is zero. Evidently 

* Whtm moving as just descrihed, a wheel consider fd as n whole is in ec|uiHl>rium, 
but its particles are nM in equilibrium, for they move in circles and are therefore 
accelerated (§ 28 ). 
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in this case the diagram of the forces intist he ;i thieved triaiigle 
or polygon. 

For let the forces acting in a given case* In* i Mg. 1 1 e f lim 
if we draw the diagram, of .forces as in tlu‘ lovvivr part f hr 
and if the vectors abc form a ciost*d triangUe as ^lenvre flie rr. 

sultant is zero and tiu* partith* is in eqiitlitoinin. 

So also in case of any nurnher rg lurri--. in 
equilibrium, fhr dia\:^riim i\l turtrs, fe,?aers/ /ly 
drtiwiHi^ SKfTtsskYly ///c .vcecra/ vf'iiifts rr/frc' 
scfithi^ tliv jorevs ^ ffiusi /^c a tiinrd tliat 

is, the last vector drawn miirnf irniiiiiale al the 
starting point. 

An example of fmn* ftn'ct^s tit * - j ■ : d . : i n : is 
shown in iigurt* 12, tin* M’veral 
forming a closed |w»lygon. 

It is inter(‘sline. also to id.isrrve tluif if we 
resolve each of lhesi» forces infn fw'o coirc. 
I'tonenls, one dire<ietl toward the fop or {mo t*,aii 
of the pag(.i and tlte ollaa* si<iewist\ ,i:s, iVir 
('xample, h is resolved into // aiti! h*\ r into / 
and etc., we hin.l tliat llu-‘ ro.iii|:i#t,rirnf tdif 
directed from left t<a right I'xarlly haJanrr the 
components cV' directed from right to Ir-ft, so 
also the upward components and are logtqher eqimt to the 
sum of the downward ('ompomad: aint i'\ 

In the above diagram for convenieiir'*e all the four forces have 
been reprc^stailed in one plane. This reHtriclioii is ittil lltHr^»'‘ 4 ■lry, 
the same construction is the test of eipiililalme, In wtiatc'Vrr di- 
rections the four forces may act. 

44. Illustrations. If three cords joined at P wfinla'i of :i,„ I, 

and 5 lbs, respectively, those r.upportini' the a Ih,. aritl I IIj. wriglsi-* 
over frictionlcsa pulleys as slajuu in iieuK- ia. titen liio 
JP will assume a definite position to which if will rrliirn if |iii;4trd mi4e iiwil 
the cords FA and PB will be at right angles to orli 

For the point F is in equillbnum uncler the lliw it, 4, fi, mmi 

therefore the force, diagram must be the ckmetl Irlitnglr PPi'h I lie lliri!# 
sides of which are .in the ratio of a :4 :5, Hut micti ii trlmiglc' h riifbi“ 
angled and therefore the force 4 and force U muit al riilil t?,i tmAt 

other. 

Suppose a cord is fastened at A and B md k tlieii ilrclclieil hy m wcii^iit 



forces in cquilib- 
rium 
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W hung at P (Fig, 14). As before, the diagram of forces is PCD, where 
PC represents the stress on the cord between P and B while CD represents 
the stress on A P, and DP represents the weight W. Evidently the more 
nearly ,>4 P jind PB are to being in a straight line the larger will CD and PC 
be in comi)arison with the force W which is represented by DP, So that a 



(U)nipara l ively small pull down at if A PB is nearly straight, may produce 
a force great enough to break the cord between A and B, I'hus the stress 
brought to bear on liainmock n>i)es may be much greater than the weight 
of the person supported if it is hung with insullicient sag. 



l^he student may easily determine under what conditions the stresses 
on A P and PB will be each equal to the weight W, 

The jointed device used in hand printing presses, and shown in figure 
15 as applied to the brakes between the drivers of an old-fashioned iocomo-' 
tive, illustrates the same principle. Here when compressed air is admitted 
to the cylinder C the piston is forced upward, thus straightening the two 
(•(.muecting pieces A and i#, thereby forcing the two brake shoes against 
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the wheels with a force which is KrcuU-r the more n.-.u!v th.- 

pieces arc pulled into a straiKht line. _ , „ i .i. . , 

45 Bridge Stresses. I.et il lie n‘i[uiri'ii to ftliil t.u atr. 
or pressures, in case of the various parts ot lhe i.u .s «ha !, 

figure 10, supporting at its center tlie weiMlil 11 . 

Consider what forces are aelinK on the end ot ..»• iri! . at 
be shown later (§r..l) that in .such a case lialf the i..i it -.u-e.-n? 
by one abutment and half by Ihe other. The end ... the ir. at 

presses down on the alnitnienl with a f..ire e.pial t.. ,, ■ it 




at I l! •.vil! 

VI. ’ll It!” huriK* 
■t! f fl'irMitif't; 

|irv*1rt I iIm* 


weight of the truss itself. Now .1 is ui wiuililuiusu utuln the Htfrr' tnivw 
represented by the urrows, /’ intiieatiug the tjpw.trd ■.*!!«“ uf, itn" 
ment, S representing the ol)li<{ue tlu\vu\var»l iline4 *4 fUr -aiisjt | /y utiilr t 
represents the invvar<l pull of tlu- tie rtnl . (t ; fherr!t»ie 


a 


■f 



U: 


Ki<t. Uh Bridge triec. 


forces must be a triangle as sliowu above. Hut thi-; f riaii.gl#*' r, Im lliii 

triangle ACB, for the sities are resptHlivelv pamllrl, and -a* thr hanr, i\ S, 
and T are in the sa.nie j>roportiort as the Mdo'i Hi', .III, Ji: ", mu\ bin* r ihr 
1 1 ' 

pressure P is equal to the otlier bure-i are a! ossrr kriutt ft bv |o.f|iMiiioii 

when the sides of the triangle A Pi ' are kiunviu 

In the somewhat more roniplieatcd vaM’ 4iown in lignrr 17 Hisrrr ilir iMt4 
weight of 10 tons Ls supported between the two abi.itnirtit% ibr yp-Aar4 
pressure P will equal 5 tons. 'Fite strest^es on -I /I an*! J< ' nep, m 

in the preceding case, but to fm<l tlie stres*^ i»n llie tvwl ik ' %%r mmA nuikr 4, 
diagram of the forces under which the iMiiiit P h in lit 

the diagram. 

46. Crane Problem. A weight of ItM'J IIh. h ’■4iH|wuif|rd ^ fiuie 
of dimensions shown in the figure. It is ref|ulred In lind ihr iriedMri *.» ilie 
tie rod AB and the eotnpn‘ssion on the strut H( \ 

The point B is in equilibrium uncier three forces, ilir flow'ir^dird wriul'if 
W *» 100 lbs., the pressure P of the strut whirli arts sirtil tlir ini- 

sion T of the tie rod which act.s in tlie direction HA . 1"1tr fll4gr,tiii furirii 
must therefore be a triangle with sides parallel tf» llie duc-^ Ibijr, ,4 iim 
forces as shown in the figure. 
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Note: In the illustrative problems of Figs. 15-18 the diagram of forces 
can be made use of as shown, only when the comprcssional forces lie exactly 
along the compression members. This is true if the weight of the com|:)res- 
sion members is neglected, and if they are hinged at each end so they cannot 
transmit bending forces. In the problems of this type which follow, these 
conditions are assumed to exist. In the construction of large bridges, 
however, the weight of the individual members may be an important con- 
sideration. 
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PROBLEMS 

1 . A force of 300 grams and a force of 400 grams act at right angles to 
each other on the same [)oint. Find the single force to which they are 
erjuivalcnt and also its direction, by a diagram. 

2. Four forces of 3, 4, 5, and 0 lbs. act on the same point in directions 
cast, northeast, north, and northwe.st, respectively. Construct the force 
diagram a,n<l find l)y measurement the amount of the resultant and the angle 
which it makes with the north line. 

3. 'Three cords fastened together at a point free to move, have tensions 
60, 70, and HO grams, rt‘spectiv(‘ly. Construct the force diagram and fmd 
by measurement the a,ngles between the cords when at rest, 

4. 'Two forces of 10 lbs. each act uiK)n a single point in such a way that 
they arc cfiui valent to a single force of 10 lbs. hind the angle between 
tlieir lines of action. 

5. How much force must be exerted at an angle of 45° to the top of a 
table to push along a weight when the frictional resistance to l)e overcome 
is a force of 2 kgms.? 

6. When a force of 20 lbs. is required to draw along a sled l)y a rope 
making an angle of 30° with the ground, find the force moving the sled 
forward, and the force diminishing its pressure on the grtamd. 

7. A W'eight of 2 lbs. hung from a nail by a cord 30 in. long is pushed 
aside by a horizontal force of 1 lb. How far will it be moved away from 
the vertical line through its point of support? 
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8 . A 32-gram weight is hung hy a au'd (*4) rni. luisg iruiii a out 

vertical wall. How far will it he pushet! out kmn the v.ali In a IravtMjf 
24 grams acting perpendicular to the walL** 

9. Make a diagram showing the angle hetw<H‘ii fite tn'n iv^pr . mI ,i tiam* 
mock when the tension on each rope Is twie<’ flie vahglii *«f flir* livinnu In 
the hammock. 

10. A rope supporting a weight of IKO lh,>. at it-- .ndddlr inrinf hmi^ 
between two hooks which a.re ini the samt- lr\'el and If a-pati ff f|tij 
middle point sags 3 ft. Inflow the level ni the hook-, isml flic iia«r on rai'li 
hook. 

11. .In case of a crane, like figure IS. in \shn h the ii.aj/Miit.4i 
long and the vertical distance AC is 3 ft., find the 100 - 4.011 ..>11 the 

tie rod and the |)ressiire on tlu‘ strut when a weight of 270 Ih- is '-/ai'iinatrst, 

12. Suppose the wall in figure IK eivcrhaiig', so that A n If vrafsially 
above a point 1 ft. to the left of (*(»n the bar IH \ wleht'i i-* hofi/uiiiai aiid 
9 ft. long. Find the stresses on .1/^ and HC wluai a w'l-igfil i-ii .MO tbs, » 
suspended at B, 


Equiijbrhjm iiv \ Kir.iu Ibinv 

47. Equilibrium of a Rigid Body. A rigifi fnaly is in r<jiiili!> 

rium when its velocity of tninslation is iiol •!•■. bt any 

direction and when its velocity of rotalietn is iiiif < Issn ala ait 
any axis. 

Or^ in other words, a rigid body is in ui:rn ii has 

no acceleration either of IransUiiitm or rotaiiim. 

48. Condition for Translational Ecpiinhfiu.ni. In nrdrr tital 
there may be no Iranslaiiomil aciaderalioic tlir rrliitiiaii lief wren 
the forces acting on the lK.>dy mu.st he exMclty flir H.iirir as tlial 
required for the equilibrium of a I'giriiric, |dir if ilirrr is in b-* 
no acceleration in any <lireciion the rcHullatit fiirri* in o.iiy one 
direction must be zero, arul this is eviijcnlty ihr r.’iisc lehtn iim 
diagram of forces is a closed polygon. 

49. Case of Two Forces. rdatiori wfiit/li riiirrd Imhl be- 

tween the forces in order that there may lie* no mhiikmoi ai i/rlrra* 
tion may be most easily reached through tlir sliuiy of 
simple cases of equilibrium. That a kidy may lie in ^ bru 

under two forces it is iu‘c<‘ssary that the two feirri-s’P iind (I 
(Fig.^19) should be equal and opposifr in i.iriler to mimiy iliit 
condition of no translational acceleration im l%mi Iii 

order that there may be no tendency of the forces to roliite file 
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body it is dearly necessary that they shall act in the same straight 
linCj as shown in the ligure. The only effect of the forces applied 
at A. and B in the figure is to compress the body between these 
points. 

60. Resultant of Two Oblique Forces in the Same Plane. 

Let F and () represent two forces acting at A and B upon an 
extended body, and let their lines of action when produced inter- 
sect at C. A force equal and opposite to P if applied at C will 
exactly balance P, as shown in the preceding paragraph, and a 
force equal and opposite to (), also applied at C, will balance (); 
therefore a single force R equal and opposite to the resultant 
of F and Q as found by the triangle of forces, will, if applied at 




C, exactly balance both P and () and produce equilibrium. Evi- 
dently the force R may be applied to the body at any point in 
its line of action CD. The resultant of F and () is, therefore, a 
force equal and opposite to R and acting along the line CD. 

61. Moment of Force. In the case of equilibrium just dis- 
cussed we may imagine the force R to be produced by |)ressure 
against a pivot llxed somewhere in the line CD^ say at E (Fig, 21). 

"The forces F and Q then balance each other, so far as causing 
rotation about the axis at E is concerned. Two forces so related 
to any axis are said to have equal and opi>osite moments with 
respect to that axis. 

Common experience shows us that the farther the line of action 
of a force is from the pivot or axis, the greater will be its ability to 
rotate the body about that axis. Thus in opening a heavy gate 
we take hold of it as far as possible from its hinges and pull at 
right angles to the gate. A pull in line with the hinges would have 



3MK(1IANH‘S 


32 

no effect to turn it whatever. 1*he nunxwnt r»l a, iVna e tn fuma 
body about an axis (k^pends, t!u‘refurt\ ua liir' 

the force and the distaiua* ot its line et lonii tln" 

Hie moment of a faree *ieith rejerenee to a is 0 moiisnn 

of its ability to produa' rotation about ihat axis, and ts nuntetifalh 

equal to the print mi tO the q-or^'t- /n- ik* 
perpendieular iitsiauie ^rom the axis In 
the line e/ atiua: io in~e fora'. 

1'hi* ktikneifu* prutU ni iliis ..faltv 
nunit is yiveit I tie i.il «>f 

twe h«ri''es !\ iuL! in tile '-aliir j*taiiia 
Let X tie the |.HM'peiH!it nkir di’natire 
fnnn A‘tt> tlte line ■‘>1 a« finn ui lia- 
!\ aiul let y f le I !i«' ; • : : ''■‘■.is ■!* a* 
distance freni K to the line ot ai'liMii 
of <;). We now 'iiow tieit in ilik 
<*asi% wluTi* tl'ie rnoitiiiif''. ot ajid 
about tin* axis ti baianei- rai li *Ulai\ 
Px {h\ 

C'onstnui the p.e..i*' ' i'ldtH 

having CF = P and (7/ {h Ib'aw FH ami HP, fiirti llii! 
area of the triangle CFPl is eqtial to hi\x lor /* i-. its base and 
X is its altitude. So also tin* area < 7/ K is eqna! to bnl the 

two triangles CfldFuiu] ill li have i*qtnd are.oe lor lln-y !ia\e a 
common base Cli and ecpni! ultitinles /// aitd Fk. tlirrrlore, 
Px = Qy, 

It has thus l)een shown tlunt whtm I lie axi-*^ K on lire line 
CG the two forces P and (> tmve equal am! opiMwaie iiioriieiiLi 
about it and also in that easi* /b* ■■■■■ pH*, "/'/irnc' ptmiueh Px ami 
Qy may, therefore, be taken as re present in f, the iihiiiiiex ot ike hmxs 
to produce rotation about the t*hen axis, ami are. ltit“rrfVirt\ used 
to measure the moments of tlu* fi>rees. 

62 . Secoad Condition of Eqnilibrimn. llir si*roiif! roiiflition 
of equilibrium for an extemled rigid IhhW iluit tlie 'varimi:* 
forces must be so related that there is tm rotatiiiini! iii;i'rltu“#ilioii 
about any axis in the body. 

Since the ability of a force to pr<Mhi«^f' ftualitiii is iiira'^iiml by 
its moment, this condition is satisfied %ehen ike su$n of ike nimmenls 
of the forces tending to produce dockmse rokiimi aimui any axis 
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whatever is equal to the sum of the counter’-clockwise moments about 
that axis. 

53. Forces in One Plane. When the forces acting on a body 
all lie in one plane, such as the plane of the paper in figure 22, 
they can have no tendency to rotate the body except about an 
axis at right angles to that plane. 

In this case if the diagram of forces is a closed polygon show- 
ing that there is no translational acceleration, and if the clock- 
wise and counter-clockwise moments are equal 
about some one axis at right angles to the 
plane of the forces, then the body is in equi- 
librium and the resultant moment of the forces 
is also zero about any other axis that may be 
chosen in the body. 

For example, in case of a board 2 ft. square, with 
forces applied to it as shown in figure 22, the diagram 
of forces is a closed ligure, as the student may easily 
verify. The forces, therefore, balance so far as translation is concerned. 

Now calculate the moments of the forces about an axis perpendicular 
to the plane of the forces, say through the point A. Designating clockwise 
moments plus and counter-clockwise minus, and taking the forces in order 
beginning at the top, we have the moments 

- 2 X 1 = - 2 " 

- 1 X 2 - - 2 

-}- 2 X 2 == -h 4 \ Sum of the moments = 0. 

3 X 0 - 0 

2X0= 0 




2 ■ 



ft, 





4 

s 


ITg. 22 


'Therefore the board is in effuilibriiim under these forces and consequently 
the sum of their moments will be zero if reckoned for any axis whatever. 

Cominite in this way the moments about an axis through the center of 
the board and show that their sum is zero. 


54. Three Parallel Forces. When a bar is in ecfuilibrium 
under three parallel forces, as in figure 23, to satisfy the con- 
dition of no translational acceleration the up forces must be 
equal to the down forces, or P + 0 = While to satisfy the 
second condition, that the moments of the forces shall balance, 
we have Px = ()y, for these are the moments about the point 
P, and R has zero moment about that point. Or we may take 
moments about A and find Rx =« Q{x + y). If moments are 
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taken about any point other than ..-I, ‘U' . tline will Ite three 

moments to reckon. li, ior t'xainph*, i\w puiul l.ikr'ii u-. iln* 
axis the clockwise moment of must !h‘ ei|ua! ot ilir ^uin cif 

the counter-clockwise monienis t>f /* am! 

55. Parallel Forces in GeneraL Any ca-r ::;Tn, 

with parallel forces .may be discusset! in ;i -iinilar way. iwti toii. 
ditions being met, namely, tlu‘ sum of fhe oum"- .h tiin,: in any 
one direction must be ecjual to the sum of ilio liusv. in iht* 
opposite direction, and the sum of the ehakwiM* inoiii«'u!>t 



Fig, 23 


any axis must be ecfual to tlu‘ sum of flir eoiijiir'r i Ftriewise 
moments. 

66 . Illustration. A certain har iiiivtng no weight j-'» 0-4 on l»\; imtt 

forces as shown in figure 24, ferees of 4 and 2 Ih:^. .n fsog ii|MA..ir4 and 
3 lbs. and 5 lbs. acting downwanh and if h rrquhrd to hiid thr 'inntir' 
necessary to pnxlucc criuilibriuin and the pMint ihr ^hrre d tami 
be applied. Since tlie total upward h>rve 0 while thr dirwnward ha'*r hi 
8, the rcfiuired force F must he an upward h»ri"e 2 in -uUvAv llsr ^ 
of no translational acceleration. 

This force must bts a|>plierl at such a. point on tlir l^ar to %sii'4'v- ilt<* 
second condition, and make the chickwitie rnoitnrnlj^ i^.tlaior ilir i.Himirf.' 
clockwise moments about any axis. 4 ake an axis Ihrcmifli 1*. lor 
The moments about P are 


3 X 0 
-- 2 X 1 
+ 5X2 
-4X3 


0 

2 

f 10 
- 12 


Hutn 


4 ct.iiiiit-rr' dork 


Therefore, to produce equililmiutn the* itfi|4icd ffirc'i* 2 fi«r 4 , proritirr n 
clockwise moment 4, Since it must alsri ih 4 lifiwiiriJ, it riiin4, lir 
at a distance 2 to the left of /% and i'i*n. tlif Imr ini.i?it lir 

tended 2 feet in that direction. 

Any point whatever on the bar might have iiikrit m Ilir c'lrliin of 
moments, and the reader should show that the ciiiiciiiakiii l» 
taking moments about some point such its C. 
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67. Couple and Torque. If in the case just treated the up- 
ward force 4 is changed to 6, we have a case that calls for special 
consideration. The upward forces are exactly equal to the down- 
ward forces and yet the bar is not in equilibrium, for taking 
moments about F we find that the clockwise moment is 10 while 
the counter-clockwise moment is 2 + 18 = 20. Here, then, 
there is a combination of forces that docs not tend to produce trans- 
lation^ blit simply rotation. Such a 
combination is known as a couple^ 
and its moment is commonly known j— rrrrr: 
as a torque. It cannot be balanced fT/T 
by any single force, for any force 
applied either upward or downward 
would cause translation. A couple 
can be balanced only by another couple hamng an equal and oppo- 
site moment, or torque. 

The simi)lest case of a couple is when two equal parallel forces 
act in opposite directions not in the same straight line. For 
instance, the forces FF, ligure 20, constitute a clockwise couple 
the moment of which is where x is the distance between the 
lines of action of the forces. Idie moment of 
a couple about any axis is the same as about 
any parallel axis. For, take an axis perpendic- 
ular to the x>aper and through P at a distance 
y from the nearer force, then the moments are 
'Fy counter-clockwise andJ^fx + y) clockwise, 
.. ^ , hence suljtracting we have Fx clockwise, as the 

resultant of the two. 

The moment of such a couple about an axis perpendicular to 
the plane in ivhich the kvo forces lie is, therefore, measured by the 
product of the amount of either force by the perpendicular distance 
behveen their lines of action. 

To produce equilibrium, then, in the case under consideration 
a couple having a clockwise moment 10 must be applied to the 
bar, and it may be applied at any point we choose. The following 
figure illustrates different modes of producing equilibrium in 
this case. 

In every case of equilibrium the forces acting may be resolved 
into a number of balancing couples. 
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58. Center of Gravity. The weight of a mass is the foret* with 
which it is drawn toward the earth. All pa.rts ot ;i lasdy ha\"e 
weight and so the weights of the several parts intt> whiilt a ImkIv 
may be conceived to be divided constitute^ a systern ut parallel 
forces acting downward toward the earth. Mire residtauf t*l' this 
system of forces is a single force ctiua! tlteir sum and is the 

Itital \vi‘ighf oi the hotly, 
It may In* |'tj”o\a*t| that 

j — "p j - , there is a cm’taiii }Hatif iti 

1^' j, j'* ' thi‘ luHiy tiirougli wliiidi 

h j^' thi‘ ri‘sultaut !i>ree title Iri 

wt'ight alway> ads wliat“ 

p 4 t. ht' the I wed tit HI 

' " /; of tlu* htaly. This point 

is eul!e<l the I’f'ihrr 11 / 

/ //y t>f the body. 

/^/ (lit /’O'W l/wl l>f- 
re/v'C ihr XiYii^ki e,/ hmlv 
tee may ppn#re ikr j^it! ikii 
the weight is distrUmied Ihranghoul the Imiy, ami irmi it. as a 
single force applied at the center of graviiy, 

69. Proof of Center of Gravity. Ia*t M and m hr the imissrs 
of two parts of a body and let the lim* joining them lie iiniined 
as shown in ligure 28. Siiua^ tlie wtaglits 
of masses arc projiortional to tlu^ masses 
themselves (§ 38), the single u])ward force / h " j 

necessary to balance the weights of tlud wo / ■■ ^ ^ / 

masses must be ai'iplied in tim vertical liiu* )^/ 

AB, so situated that .Mx « my, hut AM 
intersects at F the line joining the two ^ f 
masses, dividing it into the two. segnu-nts 
a and b which, by similar triangles, are 
in the same ratio as a: and y, and <'t»nsrqut’nt!v a : b i : m : Jf; 
and since this ratio does not depend on the iriiiiiiiilioii of llir liii«* 
joining M and it follows that the halaru-ini' force riiUHi jtns's 


through the point F whatever the indinalitm may he. !* h, 
therefore, the center of gravity of M atid m. Now cntwnve I tie 
masses M and m concentrated at' ami fmd ;-imi!;}.r!> n {Miiiti 
P' through which the resultant weight of (If + m) and of aiiiiltier 
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mass m' must always pass. Continue in this manner until ac- 
count has been taken of all the masses into which we may con- 
ceive the body to have been subdivided. The point through 
which the final resultant passes is the center of gravity of the body. 

60. Center of Mass and of Inertia. The center of gravity 
as has just been explained is determined by the distribution of 


Fig. 29 

mass in a body or system of bodies- It has certain remarkable 
pr()[)cn*ties quite independent of weight, and therefore is also 
called the center of mass or center of inertia of the body or system. 

For examjfic^, a freely rotating body like a spinning projectile 
will always rotate about an axis through its center of mass. 

61. Position of Center of 
Gravity. When a body is hung 
by a cord or balanced an a point 
the center of gramty must be in the 
vertical line passing through the 
point of sup port, F or two equi- 
librating forces must act in the 
same straight line. If, therefore, 
a body is hung first from one point and then from another the 
intersection of the two lines thus determined marks the position 
of the center of gravity, as shown in the figure, where it is seen 
to be a poirrt outside tlu! actual substance of the chair (Fig. 29). 

The center of gravity of a uniform bar is at its^ center; in 
a uniform thin plate, square, rectangular, or in the form of a 
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parallelogram, it is at the intersiniion i>i the In vusi^ 

of any homogeneous symmetrica! hiHly it He> in the plane tif 
symmetry. Thus it is at the centta' of a sphere* er 1 irt iil.ir 

disc and at the center of a cube (Mg. 30 ). 

62. Equilibrium under Gravity. 11iat a fnidy may fie in 
equilibrium under gravity, it must !H*suppmietl In a Ittrn- 

te its ewn and 

acfiuit upward tliriniidi 
f i/ <7 renter ul ynivil)'. 

’ ■ j j Idius f lir* t Wii eMin/*"'* and 
spile re* slimvii in file 
figure as rest i up ati a 
lc*Vi*i table .ire ill ei|i|i!i.lr.' 
riuin. the ipnvard fun e' 
being supplied by the reaction of tlu^ talde. But the iirsl euiie 
is said to be in stable (ajuililn-ium. Inaamse if slightt)' tijipied if 
will fall back t-o its original position. The second cone is :sii<i 
to be in imskihle equililiriuni liecaust* if distur}H'*d if will fall away 
from its original position, while the splicaa* is said 1*^ l^e in nrutrai 
equilibrium because it remains in et[ulllhtiin'i wtuii pi--, d 
It will be observed that in Ike first case the eenirr aj ijrur/lv e/' ike 
com is raised when it is tippedt in ike set and ii is taurred. and 
in case of the sphere it is neither raised nar hnvtrtd. 'Tlie weiglif 
of a body being considered as actittgul its wMvr of igaivity will 
always cause that I'roint to move dinen or loavard the earl It 
opposed by some other force. In case of a loadc^d w^agoii on a 
hillside the vertical line through its center oj‘ gravity may rC' 
main between the whcel.s if . 

the center of gravity is low, ,, ,T j 

when if it were high the litre 4 

of action of the weight might ^ d 

fall outside the wheel base ^ ^ fc t 

causing the load to overturn. ^ |j 

63. Balances. Thebeam ofa * . . 

balance rests on a sharp steel 

knife edge A, while the pans are hung on the knife cclge:^ B afiil C. 
three knife edges are rigidly fixed in the beam iintl Im pariillrl, und In 

the same plane, and the arm dC should l>e equal to ilie iiriii AB I Idg. 3i h 

Now if A, ii, and C are all in the same straight line, iiiitl If tln^ ivcighi 
P is greater than the weight Q, the balance will ili> entirely over iiniim #wiie 
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coiinte.racting force h available. This is found in the weight of the balance 
beam itself which is so adjusted that its center of gravity does not lie exactly 
on the edge *1, but slightly below it, say a distance x. Then when F is 
greater than {) the balance beam inclines and its center of gravity is dis- 
placed until the restoring moment due to the weight of the beam IF, acting 
down through its center of gravity just balances the detlecting moment due 
to tlie dilTercncc between P and (>. I'hc dellection is therefore very nearly 
|)roportiunal to P — (>, and the greater the dellection for a given difference 
between P and (>, the greater is said to be the senslilwHess of the balance. 

PROBLEMS 

1. A wooden bar 5 ft. long and weighing 2 lbs., the ends of which are 
.supporU‘(l by storing balances, has a tO-lb. weight hung on it 2 ft. from 
one end. Idud the force exerted on each balance. 

2. A beam 20 ft. long is carried by three men, one at one end and the 
Ollier two supporting it between them on a cross-bar at such a point that 
each man ('arries an equal weight. Find where the cross-bar must be 
placed. 

3. A man sta,ncling on a uniform beam, 1 0 ft. long and weighing 120 lbs., 
at a iioint 1 ft. from its end causes it to just balance as it lies horizontally 
across a sufiport 4 ft. from that end. What is the man’s weight? 

4. At what [loint on a pole must a weight of 52 lbs. be hung so that a 
l,)oy at one end may carry ^ as much as the man at the other end, and how 
much does each carry? Neglect the weight of the pole, 

5. If the pole in prolilem 4 is uniform and weighs 10 lbs., where mii.st a 
50 4h. weight be hung so that the man may carry twice as much weight 
as tlie boy? 

0. Idnd the center of gravity of a uniform bar weighing 0 lbs. and liaving 
a 24b. weight on one end and a 7-lb. weight on the other. 

7. Forces 2 and 4 acting upward itre applied to a horizontal bar at 2 ft. 
and 4 ft. from the leftdiand end, respectively, also forces 3 and 1 acting 
<iownward arc a.])plied at I ft. and 5 ft, from the same end. Find amount 
anti i)oint of application of a single force producing eciuilibrium. 

8. How produce eciuilibrium in problem 7 when an additional force 
2 acts downward at a point 3 ft. from the left-hand end of the bar? 

9. A board 2 ft. square is acted on by five forces applied at the same 
points as shown in figure 22, but the forces instead of being 2, 1, 2, 3, 2, 
beginning at the top, are 4, 2, 4, 5, 3, respectively. Find the direction and 
the amount of the force neeclecl to produce equilibrium and how far from 
tlu‘ center of the board its line of action must lie. 

10. A ladder standing 0 ft. from a smooth vertical wall rests against it at 
a point 30 ft. from the ground. If the ladder weighs 00 lbs. and its center 
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of gravity is of its length from the iMiltuni. iind the loiit* wiiii whitfi it 
presses against the wall, also the amount a, mi dirvi-tlm its tcrcc agamsl 
the ground; that is, its vertical and }iori/.t>ntai ccmiHineitl . 

Not:e: The force between huhler ami wall must lie |»er|*en4icidar !c the 
latter if there is no friction between them, 

11, When a man weighing 150 Ilis. is halfway up the latldcr in podiiiaii Ity 
find the pressure of the ladder against the wall and tite Iwm i ttni|neieriis 
of its force against the groinuh 

12. When is the ladder in problem 1 1 more liable to r4i|c wlwit a man is 
near the top or bottom, ami why? 


Work and Knkkuv 

64. Work. A mao <ligging a ditch is said tn wtir'k, sn also a 
team of horses drawing a load, ami a earpeoter Imn' 

porarily the end of a beam may alst>, in ortiimirv spcci li. t»r %aid 
to be working; for in each cast* a useful end is Maairetl by the 
exertion of force. 

But there is a (Urfcreiiee helwtHm tht‘se eases. In llie iirsi two 
there is motion and a permanent t'hangt* h eiieeted; ivliiie in ilie 
third case the beam is not moved hut simply siipd wnic’d, amt any 
prop would have served as well as tiie earpenfer. 

In physics the term work is restrieiinl to .surli eases-, a,"-^ I hi* lir-4 
two where motion results from the u-etion of foree, aiti! i/a* 
of iwrk is measured by (he produei of (he Jone hv l/ir' i/edjiiire 
through ivhich ihe body moves along (he tine oj luHon of ihe /urre. 
Thus when in digging a dileh a ton td" earth i:\ Ihrtrwii to an 
average height of 6 ft., thc^ work dom* is 2ddd X t» IbMIiitl 
foot-pounds. 

If the motion of the body is not in Hue willi tin* re^iilianf 
force, then in esliniating work only ihal earn pour ui of ike moiion 
which is in the diredhm of the force is to be bikefi into neronnf. 
For instance, in raising a liarrel into a wagon ike toork dime is ike 
same whether the barrel is lifted direeily from ihe gmnml or roHed 
up an inclined plane. For the weight of a bmdy is a force lliiii 
acts vertically downward, eonsetjuently in r\tin:a!:ny work ikme 
against weight, only the vertical distance ihnmgh tekkti Ikr imdy 
is moved is to be considered. 

When a body yields to a force work is said to fie done by ike 
force or upon the body; but when a moving body is retiirdtai liy 
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some resist ini}; force, work is then said to be done by the body or 
agalnsl the force. 

dlic work clone in raising a weight or compressing a spring is 
the same whether done in a second or in an hour. The time 
required to do the work determines the rate of working, but has 
nothing to do with the amount of work. 

It is remarkable that although force and distance are both 
vector quantities, ivork, which is their product, is not a vector 
qnantily. It has nothing to do with direction, and consequently 
to get the total work done upon a body by several different 
forces, the work of each may be reckoned separately and then 
the sum taken. 

Motion is essenlial to loork. A great weight may rest on a 
sui>i;)ort, but no work is done in supporting the weight though 
a great force is exerted. 

66. Rate of Working. Horse-power. A given amount of 
work may be done cither in a short time or a long time, and in 
commercial oi)crations the rate of ivorking, or the work done per 
second or per hour, is an important consideratiofi. dims in case 
of an engine we wish to know how much work it can do in a 
given time, and its rate of working is known as its power. 

Power may be measured by the number of grams weight that 
can be raised one centimeter x>cr second, or 1)y the number of 
pounds that can be raised one foot per second; but the unit of 
power introduced by James Watt and commonly used in engi- 
neering practice is the /umG-pozver (written Il.Ih). 

Oiie horse-i)ower = 550 foot-pounds per second, or 35, ()()() 
foot-pounds |)cr minute. 

'Iliat is, a to ILP. engine can raise 330 lbs. through a height of 
100 ft. in one-tenth of a minute, or 3300 lbs. through a height 
of 10 ft- in the same time. 

66. Energy. The importance of the idea of work lies in the 
fact that a body upon which work is done acquires thereby 
capacity to do an equal amount of work in returning to its original 
state. 7 fie capacity to do work is called energy, llius work is 
done when a spring is bent, and the spring acquires energy which 
is measured by the work that it can do as it unbends. Also a 
10-lb. weight raised 100 ft. above the earth has had 1000 ft.-lbs. 
of work expended in raising it, and it has gained the power 
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to do that same amount of work in ri'lurnn;:-- to its oritpual 
position. 

The energy of a bent s|:)ring resales In the s|n*ing in virtiir 
of its internal stresses; but in case of the raisto! xxvl^ht I fie energy 
belongs not to the weight alone, but to the s\S'*'lein iit two bodit-;, 
the earth and the weight, which are separated in opposiiioii lo Hie 
stress or attraction between them. 

67 . Kinds of Energy. In both illustrations, idveii ulnovt^ the 
energy depends on the relative positions fiodio- or parts ig' 
bodies between which there exist stia^sst^s. 1 lua'o i< ajiotlurr loriii 
of energy which depcmls n<,)t upon stress, la, it the riiotioii 

of matter. 

Suppose the raised weigiit is set frve ami aliowrai lo tall willi 
nothing to resist it, the forc(‘ of the earth s atirm littii i"- r^xi’iled 
upon the mass as it falls and (‘onsequrjuly work i*- limit' ami 
energy expended, but in this case tin* work is all spent i,n givifig 
velocity to the falling mass. Wlaai the weight reatlieH 1 he !■« if ft nn 
it has lost all its advantage of position, Inil it sli!! junver In 
do work in virtue of its motion; and t‘\pr'rinuig ^diows rhiit liir 
work it can. do be,f()re coming to rest, is <'xael!y etfual to file work 
that was done upon it in giving it motion. Tlir^ mass, tliefidVire, 
still retains the energy that it had in t!ie niiscit posilir,ni, but it 
is now energy of tnotion. 

The energy which a body or system of Imdifs fms 111 eirliic nj 
position or configuration is called potential energy. 

The energy *mhich a body has in cmeo-./m aj ihr nimiiy of 
its mass is called its kinetic energy. 


68 . IHustratioa. If a mass i.s hung m* that It r'lifi frrriv rmlnii a, 
pendulum, when it has been raised to the posit ion J tldg, :i:il it liir-i, hrrfi 
raised through the vertical distance h from B to ig and, tlirrrforr, lt»e» iiiorr 
potential energy at A than at B by the work Ame In it ii lo 

A. If allowed to fall freely it will reach the iHilttam iwwdtig wiili wif 
ficient velocity to carry it up to C on the same level m A. .;'\l llie 
the mass has energy of motion or kinetic energy, ft, inci rtillrrly kril llie 
advantage of position which it had at A, the m.trk fliine in it tu A 

being now wholly transformed into energy of motion,, 

But as the mass rises from B toward T it hmm vrlf,ir,il,y fi„*r it h dulrii 
work and^ using up the store of kinetic energy that It rcreivrd In failinii. 
changing it again to potential energy. The frndiiliiiii hm 11 emmumt 
store of energy which changes back and forth frinii one form lo ilir wilirf^ 
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the sum of the two being always constant, except as energy is gradually 
lost through friction and air resistance. 

69. Work against Friction. There is one case, however, in 
which the work done upon a body does not seem to increase its 
energy or power to do work. When a weight is pushed from one 
point to another on a level table force has to be exerted to over- 
come friction. The weight, how- 
ever, remains at the same level 
above the earth and has no more 
power to do work in the new posi- 
tion t han before it was moved. Ihe 
work expended seems to l)e quite 
lost. 

!But investigation has shown 
(§ *117 el seq.) that whenever work 
is done against friction heat is de- 
veloped in amount exactly proper- Piq, 3 ;.j 

tional to the work done; and also 

that when work is obtained from a heat engine a precisely cor- 
rc'sponding amount of heat disappears. It is, therefore, concluded 
that Ike ivork ivhich seems la be lost in friction is not really lost or 
annihilated^ hut is transformed into heat as into another form of 
cnerf;y. 

When, therefore, a pendulum comes to rest in consequence of 
friction (at its point of support, or between it and the air through 

which it swings) the 
original energy of the 
pendulum is not lost 
but transformed into 
heat. 

70 . The Frony Brake. 
The prony brake is a device 
commonly used to measure 
the amount of power de- 
veloped l)y rotating machinery through work done against friction. Figure 34 
shows a form of [:)rony brake^ applied to a small motor. It consists of an arm, 
one end of which is pressed against a revolving drum D by means of the 
hand screw and spring, and the other end of which is attached in a sfiring 
dynamometer S, by which the upward pull F of the arm can be measured. 
The revolving (Irurn is couided to the motor shaft by which it is driven. 
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The pressure on the drum is so adjusted In' the hand i flu* 

can turn against friction, therel:)y causing the motor ti^ d»» nori it ri*\ 

A small amount of water may be put in the drum preM-i: * 

overheated by friction. 

The work done during one revolution of tfie tnonu' |h rvh l\ e*|ual ly 
the frictional force / at the surface of the drum time;-'* ilu' ». i: nf 

the drum and is equal to where r the radito. flie dtiuit, 

The power P, however, is llie rate at vhtflt wtirk i:* dt^ur' < ti.V* wfiit'l 
will be taken as the work per sectmtl in this rase. I Im- 

f* ■■■■. qj 

where n is the number of revolutions td the drum ift <»iie iU' flu* 

principle of the lever (§ S2), the numtent of the frii tiMiial tmipli' o and llml 
due at the dynamometer FI must hahuuau 
therefore 

fr ■ Fi or f F 

Substituting this value of / in ecpiatitut (I K 


P 

If I is in feet and F in poumis, 

P ^ 


'JiitfilF. 


2rnlF 

5 dt) 


H.P. 


(31 


since 1 II.P. « 550 foot-pounds per set^ond. 


71. Forms of Energy. From the results of iiiiiuiurrable rx^' 
perimeiits physicists have conrlinleti that not oidy is liritl a 
form of energy, but sound, light, atu! all tdeilriin! aritl rmtgnefir 
actions are mamfestations of tuu^rgy, and rr«tuirr fuirrgy fu ht* 
expended in causing them, just in j>roj-H}rtion m they arc e'a|iat4c 
of doing mechanical work or developing heat. 

The different manifestations of ent^rgy may i**^ siirniuari/.cil as 
follows: 

M'asses in motion ■■■ ■■ kinelu". 

Elastic bodies in a slate of : 

Energy of masses Gravitation, energy of attracting ;> 
masses ^ 

Sound, both kinetic and 

Energy of molecules j , 

and atoms Molecular and aminir energy. 

[ Chemical actum. 

Energy of ether I magnetic phefuauena. 

\ Light and radiation. 
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When the energies involved in all these varied phenomena are 
studied it is found that one form of energy may be transformed 
into another, and that again into a third; but in every change the 
amoimt of the energy as measured by its ability to do work or to 
develop heat remains the same. 

72, Conservation of Energy. The recognition of these varied 
forms of energy and careful measurements of the transformations 
from one form to another have led to the enunciation of a great 
principle or law known as the Consermtmi of Energy^ which may 
be thus stated: 

Tn any system of bodies which neither receives energy from with- 
out nor gives up any, the total amount of energy is unchanged 
whatever actions or changes may take place within that system, 
whether the energy manifests itself in mechanical forms, in 
sound, heat, light, electric, or magnetic effects, or in chemical 
action or molecular or atomic changes. 

In most cases the tracing of all the changes is a difficult matter. 
For exami)lc, a cannon ball receives energy from the work done 
by the powder gases as they expand forcing the ball from the gun. 
As it travels it is resisted by the air, losing kinetic energy exactly 
equivalent to the heat energy developed by friction in the air. 
On striking the target, sound waves carry off a small part of the 
energy, there may also be a flash of light which also takes away 
some energy, and the rest will be found in the form of heat de- 
veloped in the target and in the ball itself and also in the form of 
kinetic energy in the fragments which may be thrown olT. The 
principle of the conservation of energy asserts that if we add 
together all the energy that is derived from the motion of the ball 
the sum will be exactly ecjual to the amount of work which was 
required to give it its motion. 

This law is the most important and extensive generalization of 
the science of physics, and much of theprogress of modern physics 
is due to its recognition. Every experiment in which the quan- 
tities of energy can be accurately determined is a test and 
confirmation of its truth, and no i)rinciplc of physics is better 
established. 

In consequence of this law, the determination of the energy 
involved in any action assumes new importance and is an essential 
part of the study of every physical phenomenon. 
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73. Availability of Energy. 1'lu‘ iMVMnuv hi iiirtiMii 

analogous forms of resistance t*very where in liatiire a 

constant transformation of varimis lorm> ih efiere\ inin lirai, in 
which stage it is conducictl from one InHly to another aiu! eradin 
ally becomes uniformly (li(tu.s(‘<I st» that alt l'toiie,fi ili*'’ enrr^j;y still 
exists it is no longer availulde hn- tlu‘ |airpo^.e at olaainiuy oilit*r 
forms of energy that may he <h‘sirtHh 11iere i- iliir'. vi loii-tarit 
degradation of energy going on tliroughoui iiHinj 

available forms being constantly fritti’red away into Insil. 

h’Hlt l lox 

74. Friction. Wlu‘n one Ixaly slidt*s ovta’ aiaii tier tlie iiioiiiii 
is resisted by a force which is i“a.lled yrd/iVon If i'- aJwavs a 
resistance, acting against tlu' motion, un«! <h'pend:H mi ihr* diar- 
acter of the surfaces In contact and <m tlu* force oo d.,- iliriii 
together. 

It is a force of the greatest impialaa-. *■ in da,ily lihc ft it 
were not for friction, nails and sciawvs and kmiis would not lioltj, 
ropes could not be made, nor ('ould we evi’ii walk a» a llour,. 
On the other hand, we would gladly be rid of frit lion in liiiirs, 
for it is the cause of a large j)r€^jH>rtnm of ■cmr'rgy tiring l*r4 in 
heat. 

Friction ai:)pcars to be due to tin* inttaioi’king ‘*l rniiml*^ rmigli- 
nesses on the surfaces, togetlaa* witli the cliiiginn logi-llirr or 
adhesion of the points of cdosest contact. It is. ihrrrioric cliriiiii* 
ashed by polishing the surfm^es, whieli dimiiii^lioH ihr r- , 

and also makes the |X)ints of ctmtael broader so^ lliaf lilt* film 
of air or oil is more effective in prr\-rin.ln:‘ a«liiesit>in 

When two surfaces have been resting Ift ixinfat'l ilie fficfirii af 'tiariiiig 
is greater than after the motion has lHH*n rsialilidiof. If ptahdfk 

that this may be due to the dostu' ctmtut'l dm* in ifir lilin of air **r iiil 
squeezed out by the continued pressure. 

Friction also resists the rolling of one Imdy on iiiioitieiy itioiigli 
rolling friction in case of two given snrfiu^es is iiiiicit tliiifi 
sliding friction. Rolling friction when surfaces an* well I'Milislietl 
appears to be due both to cohesion and to a stiglit liefiiriiiatiiiii 
both of the surface and of the roller at the immiiI of ^ i , fur 
the surface is compressed as it under the rt*!!cr , am! iliinigti 
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it may spring back again it does not exert quite as much force in 
recovering as it opposed to the deformation. 

75. Laws of Friction. Let the block P be drawn along by 
the weight P, which is not sufficient to start it in motion, but will 
keep it moving with constant velocity when once started. The 
weight P is then equal to the force of friction, for it just balances 
it, neutralizing the resistance to the motion. 

It is found in this way that the friction between two given surfaces 
is pro portional to the force pressing them together. If the block P 
weiglis 5 ll)s. and if an additional ^ 

weight of f) lbs. is placed on the xr tti 
block, the force of friction is 14 

cIoul)1ed. . Z; : 

It is also foiirul that the force of 
friction j within tvlde limits, is inde- A 

pendent of the area of the surface of 
contact. For instance, the friction 

of the lilock P is almost the same whether it slides on a narrow 
or a l)road side, })rovided they are equally smooth. 

The velocity with which one surface slides over the other makes 
little difference, the friction being apprecialdy the same for all 
moderate speeds; but the resistance to starting, or static friction, 
is greater than the friction after the motion is established. 


It is evident, however, that these laws do not hold without limit. For 
if one surface is very smiill, as in case of a point resting on a plane surface, 
or if the |)ressixrc is so great that one body presses into the other, then one 
cannot move on the other without tearing or injuring the surface, and the 
law no longer holds. 


76. Coeflacient of Friction. It follows from the first law of fric- 
tion that the force of friction divided by the force pressing the surfaces 
together is a constant, this constant is called the coefficient of friction 
of the surfiices concerned; it is a fraction which when multiplied 
by the force pressing two surfaces together gives the force of friction to 
be overcome. 

Thus if the coefficient of friction in case of iron wheels on iron 
rails is ().()()4, then, if the wheels weigh 1000 lbs., a force of 4 lbs. 
will be rcujulrc^d to overcome the friction. 

When an engineer wishes to know how much force will be 
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required in moving a house t<i cause it to slide* lUi wa\'>. Itt* {m^ 
only to multiply the coctlicient of fritiiori t<.>r the* stiapisi brains 
on which the house rests by tlie weight of the InniM* 


Some Coefficients of Friction 


Sliding Friiiim 


Oak upon oak, 
Oak upon oak, 
Iron on bronze 


,, , i withoti! lubrirant 
fibers parallel ■, 

fibers crossed without luhricaiU 

j without lul>ric-ant 

I thorou^dilN- luhricatini, may be a^ 


RtdUrt^l Fn'ttiini 

Cast-iron wheels on rails. 



II 

42 

;ip 

li 

m 


0 

M 


II 

Ti 

Niiiall 4"' 

0 

ml 


0 mg 


77. Limiting Angle of Repose, The angle at vhieli a 'aulaie niav i>e 
inclined before a body resting on it begins to f 4 i|» i-. drfrrniiiird liy 

the cocdicient of friction lietween the surfaces. let a mriglii I!' rest 

on a surface inclined at an angle (L The earth altraeb> the urjgtii ttiifi 

a force IT which atf*. dottfiwaril 

We may resolve ilii;* frm r inl«* i\%u t'oin* 
ponents, one /‘ whirT e* prrpritdii In 
the inelinec! surface aiul repi/exml^-* ih»^ pres^' 
sure of the weiglii again :4 I tie ‘an lair, aiiil 
another F winch is par»dlrl P* the Mirhire 
and represents the fonr tirghig the 
down alurig lUt' slope, ’"I'hr hacr r4 flii boil 
between the wriglil and the iiicliiinl plane 
is equal to the product k I\ where k is tlie coeihcieiil iil Itu f it tii , 1 1 1 Ise f riebnn 
is less than F the 'weight will slide with increasing T^perd flown ihr iiicliitr. 
while if it is greater than F the weight will remain a'l re,?d, 

It will be noticed that P is made smaller by im re;edtig the rdcifie of llit 
incline, and since k remains constant, the forc’c of frii; lltari h tlsr grriiler 
the slope, and is zero when the slope Is vertical. 

At om particular angle <9, which may he calM ike UmiiifH* ui fc/ir^r, 
the force of friction balances ihr f me F. am! we have kP is ..\t tlial 
angle the weight docs not start to slide of itself lint if ^Iark 4 , ihx tmik 

^ ■ and by similar trIaiigIrH f * iliere- 



constant speed. In this case k 


fore k 7 or ^ « tan 0. 

h 

Hence by finding the limiting angle of rctwsc in a given raw the oreffi- 
cient of friction is at once determined. 
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78. Means of Diminishing Friction. To make friction small 
the surfaces should be very hard and of fine even polish. Where 
there is much wear it is customary to make one of the bearing 
surfaces of a harder material than the other. Thus the crank 
pins on steam engines are made of polished steel and turn in 
brass boxes, the friction between the brass and steel being less 
than it would be between two parts of steel. 

Rolling friction is very much less than sliding friction, there- 
fore, wheels are used on carriages, etc. It depends to some extent 
on the diameter of the wheels, being less when the diameter is 
greater. But even when wheels are used 
there is sliding friction in the hubs. The 
resistance to the motion of the vehicle due 
to this sliding friction is diminished by mak- 
ing the axles of small diameter, but the 
length of the axle in the hub of the wheel ^ ' 

or the length of its bearing surface docs not Fig. 37 

affect the frictional resistance. 

To avoid the friction due to the sliding between wheel and 
axle, ball bearings are used; but even in these bearings there is 
some sliding friction where adjoining balls rub against each 
other. 

In some cases the axle is made to rest on the rims of two 
smaller wheels which arc called friction wheels (Fig. 37). This 
is a common practice in mounting grindstones. 

Friction is greatly diminished by the use of lubricants, of which 
those most in use are oil, grease, soap, and black lead. The sub- 
stances used as lubricants cover or wet the surfaces so that the 
rubbing takes place between layers of these substances instead 
of between the original surfaces. When the bearing surfaces are 
subjected to great pressure, as in heavy machinery, a thick oil 
is used that is not driven out by the pressure; in very light 
machinery, as in clocks and watches, a very thin oil is used. If 
oil were used on wooden bearings it would only increase the 
friction, for it would soak into and swell the wood ; dry soap or 
paraffin may be used as a lubricant for wood surfaces. 
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79 . Machines. MacJiiiif.s arc dcvio's i>v ‘inc/i Uic ammml 
or mode of application of a force is chanc/d un P ■.ate I'ainhig 
some practical advanlanc. Siinpli* iiiafliiiio, .i! •«. a, the 

mechanical powers, are llu' rope an‘! puiUo lev* j. wln il am! 
axle, inclined plane, and screw All aliord iiiJrn tins: < a a-s ef 
forces in equilibrium; l)ut they may al-o be di . n - ed itom the 
point of view of the conservation ol enei'f*) , tor ilu- wmk dmie 

on a mat bine’ niu l Ise en|uaito 
thewoik dosie by if it there b 

JHI liiss m! r'drfdAy' III Iriiiltill, 

rhr raiivi !hr fi^nr rxttki 
/}y ti mut hinx iif iiw f 
is ia'ihul iis uu'i hiiniiiii iUkm* 

unii\ 

80. Rope iiiifl Piiliey. In 
all fiU'kIrA wiirrr an* mal 

thv irtisirm ef i" /,v tkx $mm 
at nrry fmini in <i 
rnpi\ tvktihrr ii ki%sr% i*rtr /iiil* 
Ixys f?r nni, if iktxr is m* irklmi, 

Lvt Its apnlv ihh |aafai| 4 r fti g 
finv III I M'ijrt, llicf# 

IK utily r*t|*»* ilir |i.fcy||i, 

Wright is r,4lp|Htrfrsl Irv it, tlirrrfiirt 

all parts of the rofie are under a. trnsiou uf icMt Itis,. .iiid liiiist 

exerted at P in whatever dirt^etion the laill tiiay l>r 

la case 2 the lOOdh. weight is suppmOrr! !>y fhr rvtpr d* all parts nf illi 
rope are therefore under that temiem; but H h aitatlinl fn a lailiry mhirli 
is drawn up by iwo parts of J. Sinre the luillry h in n 
that the upward pull of the two parts of J finist In* rtfiial to ilir tlum-iiimrci 
pull of B together with the weight of tiir pus*. . If wr iiri^lr* t ilie 
the tension on B must be 200 IIis, and r-iinii.ul;. ilutf «*ii I ' iior^ br ri:|iiil t# 
twice that on B. Hence, neglecting friction and ihr w-righi ui ilir fitiilcfi* 
a weight of 400 lbs* on C will balance it weight of t«i llm. nii -.1 

In case 3 there is one continuous rot,H* which in fiwirtiri'l iil tltr- tap iiitfl 
passes over two sheaves in each pulley, the kwer tlirrehire 

tained by four parts of one rope, hence wliett ii welglii' of %mi ||»n. i* 
by the lower pulley the tension on the rtipe is 1 1 Ml 

The mechanical advantage in the first case k I* wliile In ilie mm:mi aii' 
third cases it is 4. 
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81, Principle of Work Applied. From the conservation of 
energy it is clear that the work done by a machine must be equal 
to the work done upon it, provided there is no friction and the 
energy stored in the machine is not changed. In illustration of 
this principle consider the various tackles of the preceding para- 
graph, and let x represent the distance that W is raised in a given 
case while the end of the rope at F is pulled through a distance y. 
Then the work done by the machine when W is raised is Wx, and 
the work spent in raising the weight is Fy, and therefore Wx 
= Ty. 

In the first case x = y, therefore F = W. 

In the second case x == -^Jy, therefore -^W — F, 

In the third case also x = ,{y, therefore = F. 

It should be noted that in the last two cases if the weights of the pulleys 
are taken account of we cannot say that Wx = Py^ for some of the work 
done is spent in raising the movable i:)ullcys. Thus, in case 2, if each pulley 
weighs w, we have 

Py as ™ + W) ^ or P — ~ %v -f -- {w + IF). 

2 4 2 4 : 

82. Lever. In the lever a rigid bar resting on a point of 
support, or fulcrum^ is used to exert a great force near the ful- 
crum when a smaller force is 
exerted at the end of the 
longer arm of the lever. A 
crowbar as used in moving a 
stone, a hammer in drawing a 
nail, are examples of levers. 

Levers are sometimes divided 
into three classes depending 
on the relation between the 
I)osition of the fulcrum and 
the points where the weight is 
raised and the force applied, as shown in the figure, where P 
represents the force applied to support the weight IT, and F is 
the fulcrum. 

The upper lever in the figure belongs to the first class; the 
next to the second class; and the lowest to the third class. 

The distance from P to the fulcrum is called the power arm and 



Fig. 39 Classes of levers 
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that from IF to the fulcruni is t‘alh‘<l flu* ariiu arui the 

principle of moments tells us that if tliese tliiHiames arr r-UM arrij 
perpcticlicular to the lines of aeti<m of flu* uu'i'e*'^ /' ajul il\ 
the ’product of P by the po'urr arm is equal ia the pradui t ef IF hx i/n* 


weight arm. In other words, flu* nuunenfs of" the iwo lorrei 
about the fulcrum as axis must In* tujiial mul 
The pressure F against the fulcrum, situ't* ilie I lure iiu'ces l\ 
Wj and F must be in e(}uiHl)riurm is repreM.uif<sl by ilie Vialor 
necessary to form a triangU* with /'* and i H it /' and 

W are parallel, P' must l)e <‘itiu*r their muu or itiiiereiue. dtpieiirf- 
ing on circumstances. 

83. Crank and Axle, hi cases of flu‘ iTarik mid a\le. :danvii hi 
figure 4()j the relation betwetni the wta'ght am! I hr furir a|i|»lietl 

at the maink supinui if, is ;ii nnrr tdu 
taint'd from the priiu-i}dr tluil ilu* 
moments of F aiut ll" alwmi Ifir ajcis 
must l>e et|u;tF since the* iinly iiiiilion 
lltat th(' system 'can liav-r’ i-'. fim- id' rota- 
lion. Ilenct* if F is ihr trii|;d}t of the 
crank arm and r thv radius of ilir iuh^ir 
drum on wliicli Iht* IF' U 

wound, we have FF - IF'r in case the 
force F acts at right, aiigle,f'^ fo^ F, 

Here, again, we may apply itie pririti. 
pie of work, for in one revoliituni tU" the 
crank the weight IF" is a distanre 

equal to tire ■t'ircunifc'riiie’e of the liniin 
or 27rt, wlnh the halaiiring forie acts 
through a distance We Iiavty thi‘felViri*» in case of lajitililu 

W 2irr ^ F 2irR or IF'r FAF 



Fig. 40 
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84. Inclined Plane. Ilarrels or casks are stuiiiiiitirn rtiliiyl 
up inclined planes and thus raistal wfiere they trntlil luit 
directly lifted. I he advantage of the iiuliiiett jilaiir itiav lie 
understood from figure 4F where IF repreHetiis a iveighi fesliiig 
on^the mclined plane having length /, height /n aiul base In ^flie 
attraction of the earth is a force vertically ihi%viiward oii IFF Iml 
It may be resolved as is shown into the cinninnwnty .V iit riitit 
angles to the inclined plane and F paralle! to Ii. 
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The component N is balanced by the pressure of the plane, 
while the component F represents the force that must be balanced 
by the push F necessary to support the weight on the plane. 
From the similarity of the two triangles it is clear that IF, 
N\ and F are proportional to Z, b, and //, 
respectively. That is F : W :: h : Ij or in 
words, Ihe force required to support the iveight 
on the inclined plane is to the lohole weight as 
the height of the pkine is to its length. 

The same conclusion may also be reached 
by the j:)rinciple of work, for if the weight 
is pushed up the plane the supporting force 
P acts through the length Z, while the 
weight W is only raised against the earth’s attraction through a 
distance h. Hence PI = Wh. 

If the force P, instead of acting parallel to the length of the inclined plane, 
were [)arallcl to its base we should resolve the weight W into components N 
and F as in figure 42, where F is parallel to the base. Then 



86. Screw. The screw as used in the ordinary letter press 
may cause enormous i>ressures by the application of a very 
moderate force to the lever arm. In 
one complete revolution of the screw 
it advances the distance between 
consecutive threads measured par- 
allel to the axis. This distance is 
called the pitch of the screw. 

The mechanical advantage of the 
screw may be determined by con- 


Fig. 42 Fig. 43 

sidering the thread as a sort of inclined plane wrai)ped around 
the axis, but we may deduce it more conveniently from the prin- 
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dpleof work; for if the Unvv ffe* :m ri-'W *irfN al ri|$}|| 

angles to the end of a lever ann Icaigth H, itt ^■nu^ r<-\ tiluiion of 
the screw the forct^ P acts lltrougli a ilir4aiH't* 2 it 7\, w!ii!r the 
screw advances through a, distanct* h e4|ual it» iIh'^ inleii ni’ ilig 
screw. Hence if IT is tlu‘ iorce cxertta! hy the ue have l>y 

the principle of work 

^ZirKP nii 
or 

IV 

P h 

86. Chinese Capstan and Ditterential IHiiney. In tlw 
a drum or axle having two parts of soniin\fun ditlrrmt dh-ien'lrri i i » lOrMiiif 
by lever arms or cai>stan l)ar.s, .S4> that t-niv end of a n*|*r i">> vo»Miid op ois 



the drum of larger diameter while the other ertfl iifiwinrh^ flir 
drum. The rope passes around a I'ndley .V which m altaclicd h$ tlir itiiclior 
or other weight to be raised. The force W is dtvhk’^l ladwccri llie fwt* parti 

of the rope pulling on S\ so that the ro|,M* k iirnler ii f' Hr iiiitl 

R are the radii of the small and large drums^ ii-pn-t f Pv, , ilte of 
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the forces exerted by the rope on the drum are — r and — R and the differ- 

< ^ 2 

ence between these two moments must be balanced by the moment of the 
force P acting on the end of the capstan bar of length L Hence we have in 
case of equilibrium 

W 

r). 

The advantage of such an arrangement is evidently the same as if one 
end of the rope were fixed and the other, after passing around S, were wound 
up on an axle whose radius was R — r. But such an axle being of small 
diameter would not liave the strength of the larger axle with two drums. 

The dillerontial pulley is a similar device used for raising heavy weights. 
There is an ui>{)er i>ulley having a single sheave with two grooves of different 
diameters like the two drums of the Chinese capstan. An endless chain 
passes over one groove in the upper jiullcy then around a pulley attached to 
the weight to be raised, and then around the second groove of the upi)er or 
fixed i)ulley. 'Hie grooves of the iqiper pulley have notches to receive the 
chain so that it cannot slip, and the chain is passed over it in such a way that 
it is wound up on one groove at the same time that it unwinds from the other. 
If the dilTerence in diameters of the two grooves in the upper sheave is small, 
a small pull on the chain may suQice to support a large weight. 

PROBLEMS 

1 . A l(S0-lb. barrel is rolled up an inclined plane 12 ft. long to a platform 
4 ft. above the ground. How much force must be exerted along the plane 
and how much work is done? Find also the force and work when the plane 
is 20 ft. long, the height being the same. 

2. Find the force which the barrel exerts against the plane in both the 
cases spccilled in the first problem. 

3 . How much force parallel to the plane is required to support a weight 
of 39 kgms, on a frictionless inclined plane 13 meters long and meters 
high? Also fm<l the force with which the weight presses against the plane. 

4. If the coefllcient of friction between weight and jilane in the last ques- 
tion is 0.20, find the force of friction and how much force must be exerted 
parallel to the plane in drawing the weight up, also in lowering it. 

6. When the coefllcient of friction between a weight and the inclined 
plane on which it rests is 0.30, find the ratio of its height to length when the 
plane is so steep that when the weight is started it slides down without 
acceleration. 

6, A certain jack-screw has a screw 2 in. in diameter with three threads 
to the inch, and is operated by a lever arm 2 ft. long. What weight can be 
raised by a force of 48 lbs. applied at right angles to the end of the lever arm, 
neglecting friction? 
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7 . When the coenideut of frietion <»f the uiietl siirfare.H mI flu* bel Si-rew 
described in problem b is 0.t)t> and when a weiKlit :» i- I'tmi 

the force required at the end of tlu* lever arm Pj oveiHoiiii' Intiitm. and 
the additional force reciuired to raise the witglu. 

8- In problem 7, find the ratio t>f the WiU'k n-quired to raise Itie 
1 ft. without friction, to the actual work with frhtioii. and rfeirrmtiit* 
the eOkiency of the screw. W<mld the etrutent'v tie flic s.i,rrte if one ladf 
as large a weight were l)eing rai.sedr 

9, Find the tension on a bicycle (tiain uhen fh<* pedal i-. pieva*d down 
with a force of 120 lbs.; tlic crank arm being c» in. long and fhi" s|iiorlal 
wheel 8 in. in diameter. 

10 . if a force of tO Ib.s. must be exertet! on the arm o! a ttiiidlisa in 
raising a weight of 120 lbs. while a Fon'eof only 2n lti>, i-* re«|iiiif'd in lowering 
the same, lind the force ex[)ended in overtanniiig frit tton, ami Ibe f"0Hieiiiy 
of the windlass, and what per cent of the wtirk dime is lost in frii lion, 

11 * Ifow much force must be exerted on the crank *il .i wifiiil 4 ’'o t$» raifii* 
a weight of 180 lbs., if Uie crank arm is 20 in. kajg and ilir ilriitn on whklt 
the rope is wound is 8 in. in dianuder, 

12 , Find the direction and amount iif the force tat the hrariitgs tif tin* 
i^vindlass in the [treviuus c'luestion, hrst. when tiu’ crattk h in a I'lori/.iiittiil 
position and being pres.sed down; second, when the t/r.iiik arm i-. vert it at 

f- 13* A man weighing 150 lbs. raises Itimself in a sling by itteaUH ttf a 
pas.smg over a movalde inilley attacheti itt the sling and a li^^ed iHilley 
overhead. With how much force must he pullr blmw’ al*«i bow obtain 
your result by the principle of work. 

14, A man weighing ISO llts. runs up 2f steps, each 7 in. high,, in s -* 1 **:^’ 
onds. How much work does he do anti what horse pttwer dtir^t tie expend/' 

16. A donkey-engine is retjuired ttt rai.se by nwum ol a laikle a 2 nmi 
weight to a height ttf 100 ft. in ^ minute. Wluit Itor-w f'lowrr ih rri|iiirril if 
the efliciency of the tackle is 70 per centr 

16. When 1 H.F. is expended by a htjrm* iri piillii'ig a liwid at I lie rate of 
6 miles per hour, find the force with whit'h the Imrse pulls ihr load, 

17. What load can two horses draw along it level roatf at ilie tale of 

3 miles an hour if they s[)end 2 HJh in pulling the hiaiF when ihr i'r^*«"fltciriit 
of friction of wagon on road h 2r#wti itci. 

18. A locomotive drawing a train akmg n level tr;it“k at ;ifi inilrs per lioisr 
expends 75 H.P., fmd the total air ami fricthirtal reslstiirii'e uvrtmmw, 

II A 

19. A locomotive draws a 300-ton train ahiiig ii level irark itl I lie ruff of 

20 miles per hour; while working at the same rule it 4nm^ it up a | |irr ceni 
grade at 15 miles per hour; what horse pcjuta is expeieh'd, ■ iii« 

frictional and air resistances the same in iKitli cases, mat c. ihi:' 
sistancein pounds. Ans. Resistance mm M,; iiJK * 2411 
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in. KINETICS OF A PARTICLE 

Rectilinear Mg'Hon of a Mass 

87 . Introductory- Up to this point we have studied especially 
cases of equilihrium, where the forces acting are so balanced 
that there is no acceleration. We must now examine in some 
detail the various forms of motion where forces are involved in 
such a way as to cause acceleration. 

This part of mechanics, as Mach says, “ is a wholly modern 
science. All that the Creeks achieved in mechanics belongs to 
the realm of slatics. Dynamics was first founded by Oalileo.” 

Before 1()38, when Calileo first published the results of his 
c‘x])erinK‘nt.s, so little progress had been made in this direction 
that it was currently held that heavy bodies fell faster than 
light ones. 

In studying the effect of force in givingmotion to matter, the 
simplest case to examine is where a definite portion of matter is 
acted on by a constant force, lliis is the case with falling bodies; 
for while a body is falling freely it is being urged downward by a 
constant force which we call its weight. Therefore, Galileo care-^ 
fully studied the motion of falling bodies, and of bodies rolling, 
down inclined planes, and showed that in each of these cases the 
motion was with constant acceleration. As pendulum clocks had 
not been invented at that time, he made use of a simple water 
clock to measure short intervals of time in his experiments. 
This consisted of a large vessel of water having a jet closed l)y the 
finger, from which water was allowed to escape during the time 
interval to be measured. Thus the weight of water escaping 
while a body rolled down an inclined plane served to measure 
the time of descent. 

These experiments also showed that when a plane was inclined 
at such an angle that the force parallel to the plane r(‘({uiri‘<l to 
keep a body from sliding down was one-half the weight of the 
body, then its acceleration in sliding down was one-half its ac- 
celeration when falling vertically. That is, the acceleration was 
proportional to the force causing the motion. 

88, Atwood^s Machine. A convenient device for studying the effect 
of forces in giving motion to masses is the apparatus known as Atwood^s 
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machine (Fig. ■IC.)- 'I'wo anial weights .1 an.l />' aie Innij; ....er .1 very 
light, carefully balanced whta*l iiKHinted so tliat it will lun ith a k little 

\u 



or rider having t«M ptMitA iijig .inns, 
is laid on rH|» mI' tt'ri^dil I. whidi k 
sn|)|»)rted su thal if hr' lit wr.ilrd ;it 

anyiustani. W'Isrii f h*’ I i"^ trwt 
it inov't'N down, a* iiv f!io ridiT 

ve, until if rtiu’lion flu* liir,! t ' wliii |i pkki 
ult the rider a* and alln« I fo |m: ,1 frrely 
tliroUKh. Alter iia-aurt ihe tniK i ' thrrt . 
is iu> hnipT iinv a,e* elefafun: futtv,, -,mm 
t!u‘ rider i--. refnM%-rd, aiel flir wrAdd 4 
coutiiuieH to in«»\e with the \r'lu 4 ;i|y 
vvhieh tin* rider had rtivni n* it. 

1‘hus it’ the riiiK c ’ i"» '4* a«lito-ir'd fhaf J, 
jiasses through il e\.ie|lv 4 -aa otsd-* after 
inhifK liherafe*!. and il i'* m* |4.«'e4 flial 
.4 utove^ froju <‘10 /> in fhe iir.it 
then if c* atnl /t are linitn! to hr do taii, 
apart, we mnehide fJial i ai'?|ntml *1 
\H‘loeity of dt) iUiL per ^wr'oipi Iri," 4 luret* 
whieli arteif steadily for 'J sn; otuiii, If fin* 
same hiree is now all^werd to at t fiir | 
second, a vrhieify of only P'ortii, sre, ivill 
lie acquired. By varvtiig flir wrighf of 
the rhter or urdng tiisitaul of 4 mul H a 
liair of weights. Innung douhle llir iiiaaM, 
the following roru'luAuus 1114%“ In" fs-qjih-' 
Hshetl: 

(u) 41te rnofloii h witli eoieilanr ae* 

eelenition. 

(ii) I'he areeleratioii is ; ■• > 4 in 

the weight of tlir rider sn hmii m llttt 
total mass A 4'" B f- if’ h eiuislaiit* 

(e) If the mass of llir iiii.ndng sytil.riti 
is doubled, a giveii ridi.*r will i/iiiim! only 
half as greiil ai:reiernlif,»ii m 

89 , Generitl Princiido. I 1 ie 

effect of a force in giving iind iuii tt> 


a body, iis brought imi in I fit* rx- 


Fig. 46 Atwoocf s machine 


perimentH just do .t rif.v-d., may be 
thought of im tliie to a gciicnil 


principle which may be thus stated: the rjfeci it/ a Jhm* m 1 


ing the motion of a mass is not in any way ajfeekd by iim dak oj 


rest or motion of the mass which is acted u^pon. 
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For instance, while a force is acting on a mass and increasing 
its velocity, suppose a second and equal force to act in the same 
direction upon the same mass. The second force being equal 
to the ilrst will produce just as great an increase in velocity per 
second as is being produced by the first; and since both effects 
take place simultaneously and without interference, the total 
change in velocity will be twice that which would have been 
produced by the original ^force. It follows that the change m 
iwlocity per second when a force acts on a body is proportumal to 
the amount of the force. 

And the change in velocity of a body when acted on by a force 
is also proportional to the Length of time during %ohich the force 
acts, for suppose a mass has acquired velocity by a force acting 
upon it for one second, if the force now acts for another second it 
will increase the velocity of the mass as much more in the same 
direction, since the effect of a force is in no way conditioned by 
the state of rest or motion of the body upon which it acts. 

90. Impulse, '".rhe change in velocity which a given mass 
experiences is proportional therefore both to the amount of the 
force and to the time during which it acts. A large force acting 
for a short time may produce the same change in the velocity of 
a mass as a small force acting for a longer time. 

A billiard ball may be made to roll as fast by pushing it as by striking 
it with the cue; tlie force in the second case is very much greater than in 
the first, but is exerted during an exceedingly short time; «tlie impulse in 
both cases must be the same. 

The product of the amount of a force by the time during which 
it acts is called the impulse. 

91. Force and Motion. Again, suppose two equal masses 
moving side by side are acted on by equal forces in the same 
(lire('tion, they will both gain in velocity equally and will accord- 
ingly continue to move side by side, and their motion will evi- 
dently not be affected in any way if the two masses arc connected 
forming a single large mass.* 

From this consideration we see that if a force gives a certain 
acceleration to a given mass then twice the force will be required 

* This cannot l)e regarded as known a priori for it results from the experimental 
fact that the inertia of one body is not affected by its proximity to another. 
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to give the same acceleration to a mass twici^ a-. ,|.*rt’at, ett\ Clr» 
ill order that dilTerenl masses may all Iuia'c tiir >a!ru^ i'haiiKe in 
velocity per second, tlie forces acting on tlinn hr pr»|Hir» 

tional to the masses. 

But if the mass isckmlded without any esr/u-.p-t iliania^ in 

the force which acts upon it, the gain in vrtov'ify will In* cHily liaif 
as great as before, for the motion in that cast* will hr Ihr saiiir as 
if the original mass were aeti'd tm hy half l!m tuiginal lonir 

92. Momentum. A given impulst* may prodm^c* a great 
change in the velocity of a small mass, or a |»ro|iortiMitally 
small change in the vc^locity of a greatc*r mass; tiita'rfm'e. to 
measure the effect of an im[mlse, a quant if \ is tU'npdipvcil which 
is proportional both to the nuiss ami velocity cd’ tht* inuving tngiy; 
this is called its momentum. 

The momentum of a Inniy is the prodmi of Ike amo'uni oj Us 
mass by the amouni of its %'elociiy, ami is a tliraied or inior i:uoHUiy. 

93. Three Laws of Motion, 'hhe nLiiioiis lief wren forcers, 
masses and motion, first clearly enunciated in the iVu’rii of 
three laws of motion by Sir Isaac Newton In iiis eet«*hralec| 
Principiaj published in ICKStb dVo of these law-s have heeit 
already discussed (§§ 31, 38), but are hen* it-pr-Or*! in onier that 
all three may be presented together. 

First Law: Every body continues in its stair of rrsl or of morinf 
with constant velocity in a straight limy unless aeied ii/ani hy some 
external force. 

Second Law: Change of momentum is pro port mnal in the forer 
and to the time during which it aeis^ and is in ihr same dimiitm 
as the force. 

Third Latv: To awy action there is an eqmil ami upposik 
reaction. 

94. Discussion of Second Law, lliis law^ may be ixfm ex-*' 
pressed in the formula 

niv — mu oc Ft 

where F is a force acting on a mass m for a time I, aiiil u is the 
velocity at the lieginning of the time interval h while* t* th its wine* 
ity at the end of that time. Thus mv is the tmnmmlum lifter 
the force has acted, while tnu is the origimil iticMi'ieriliirii of the 
mass. The gain in momentum is, therefore, tm « and ac* 
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cording to the law this is proportional to the force F and to the 
time / jointly, or to their product Ft. 

The above formula may be written : 

Fl = k(mv — nm) or F^ = km 



where k is constant, the value of which depends on the particular 
units which are employed in measuring the various quantities 
concerned. 

In the above equations F represents the average value of the 
force during the time t in which the velocity of the mass has 

changed from ii to v; but when / is exceedingly short, — 


approaches as its limit the actual rate of acceleration at the given 
instant, while F is the corresponding force at that same instant, 
and we may write, 

F = k?na (1) 


that is, the accelcratum of a body is proportional to the force acting 
upon it and inversely proportional to its mass. 

This may be called the fundamental formula of dynamics as it 
is a direct expression of the second law of motion, is absolutely 
general, and enables us to determine the forces acting in any case 
where the mass and motion of a body arc known, since the ac- 
celeration is determined from the motion. 

''Ilius it follows that if the force acting on a mass is constant the 
mass moves with constant acceleration, while if the force varies 
the acceleration varies in the same proportion. 

96. Dyne and PoundaL In dealing with cases of ecpiilibrium 
we have used the ordinary gravitation measures of force, the 
weight of a pound or gram, but in studying the a,c'celera,ling 
effect of forces it will be found more convenient to use as the unit 
a force which will make the constant k equal to unity in the above 
exj)ressi()n, so that we may write simply 

F = ma 


Defined in this way, unit force is one which will give unit ac-* 
celeration to unit mass, or unit force acting for unit time on unit 
mass will change its veto city by unity. 
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When the centimeter gram ami sreami arr t!ir ! a- ^ 
units as in the (\ th S. system, tht* unit Un^iv i- iallrel I lit’ 
from the Greek \vt>rd for fona*. It is -.erme, us/jirr an 4 

mass of one ^rani for one second, 'udii ihani\e ;/\: .fitHslv hv mif 
centimeter per second. 

ilcncc to find the force in dym^s in a given ca-e *n nmiiim it 
only necessary to nuiltijdy tit(* mass in gi'ans> h'V ii*> rale- ui aeivt. 
eration measured in <'entimeters per seetmd p 

Thus a force of t(K) dynes acting on a nnivs »d in gi.inc. will yler il 
acceleration ,10, or in one seeom! will give it an iiirrr.cve in 'V'ctn if> of HI vm% 
per second. 

A unit of force sinxilarly basta! tut the font, iHmmL and sin, "mid 
as units of length, mass, ami lime, res|HH*tive!y . is usi'il 

and is called t,he poimdal, it is the force udiich cm a man 

of one pound will increase its velocity one Jooi per secomi jor terry 
second that it acts. 

The dyne and poundal have tlu..* mlvantage td tiring absoliittdy 
definite units of force, and do not vary from poipii io poini on the 
earth as the weight of a gram or pound varies. 

96. Unit of Work or Energy. Tlte unit of work on tlir’ i \ i h S. 
system of units where the force is measiirmi in dynes am! the 
distance in centimeters is known as the erg from the iirrek wtirti 
for work, J't is the work done when a hody mints one cenlimeier 
in the directum in which it is urged hy a force 0/ one dy$ic\ 

The corresponding unit of work or energy on llie fmd 
second system is the fool ponndid. and is ike work done wkcpi a 
body moves one fool in the direciion in tehirh ii is urged hy a force 
of one poundaL 

97, Motion in a Straight Line with Constant ¥el0cllf . Wlirit 
a body moves in a straight line with constant: vettieiiy the arc'd* 
eration is zero and therefore the force must, be mme ;u cordim!, In 
the formula F ^ ma. 

The moving mass is, therefore, in ec.|uilihrliiim *rtiis h cuse 
considered in Newton’s first law of mol bn. 

A railway train while running at constant is in a sliili* of 
equilibrium. The force of the locomotive urging it on is exactly 
balanced by the resistance of the air and friction of flic wliecli. 
So when a bucket is drawn up out of a well with mmimii ^nxd It 
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is in cquilil)riuni and the upward pull on the rope is exactly equal 
to tlic weight of the bucket of water, 

98. Motion in a Straight Line with Constant Acceleration. 
When a body moves in a straight line with a velocity which is 
increasing or diminishing at a constant rate, it has a constant 
acceleration in the direction of the motion in one case and op- 
posite to it in the other. 

When the acceleration a is constant, the change in velocity of 
the moving body in, / seconds is aL And if the velocity at the 

beginning of the time / is u, and that at the end of the lime is v, 

then 

•u = u + (il when the speed is increasing; 

^ u — aL when the sj^eed is decreasing. (1) 

The space passed over in t seconds will be found by nu.illij>lying 
the amrage velocity during the interval by the time But since 
the acceleration is constant the velocity increases uniforml}^ with 
the time, and therefore the average velocity is the arithmetical 

mean of the initial and final velocities, or Hie space 

traversed in time therefore, may be c.xj)ressed by the formula 


2 '• 

(2) 

Substituting for v its value 


we find ’ , V' .0 

X = 2 ^/ =fc ar. 

(3) 

But equation (1) may be put in the form 


V u 


a == — , 

1 


and this multiplied by ( 2 ) gives 


2as « 2 ;^ — 

(4) 


By the use of these formulas (l to 4) any two of the quantities 
w, a, s may be determined when the other three are given. 

The student should thoroughly memorize these formulas and exercise 
himself in applying them to simple problems, such as those on page 72. 
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99. Force Causing Rectiiinear Motion with Goiistiisit At- 
■celeration. I'he kind of niotiini just diMiisM-d, i> |»rt ♦ilui'nl wk^v, 
ever a mass is acle<l on by a eonstant tortf iit inw dirtniiuii, tbr 
in such a case the acceleration is iimstanf ainl ^hv«'ii hy the 
relation 

F 

d 

m 


Thus when a car is drawn tdonjr a track t^y a streti lirtl s|miig 
which is kepi constantly at the sanu* tem^hrii, flic iiiMlitin is with 
constant acceleration. So also a falling 1«ai;v !i»ts thiH kiiitl oi 
motion, for it is constantly urgtni diovtuvard Ity it*- 
which is a nearly constant h>rce. Wlnat a luHiy slali^n dowst an 
inclined plane, the force urging it tiown akmg flic fdaiie is ihe 
same at one point as at another, and, thtavlbrrs in ilii:. case abn 
the acceleration is constant. 

100. Falling Bodies. Freely falling f'Hniies ,irr the iii*c4 f;o 
miliar examples of bodies moving with coii^tuiif a*'ccleralinin 
For a body near the surface of the earth is atir»uitsl f»r urged 
downward with a certain constant fcu’ci* which \\’%^ call its weight, 
and when it is set free so that its wtdght is I hi.* only force aiiiitg, 
it falls with constantly accelerated motion. In ordjn.ui «c\}ieiT 
ence, .however, where bodies fall through air, the resistance of the 
air is another force which mo<Iilles the rnofitai. If ilt'C rd'Uafiiv 
in a given case were constant, tlu* l>t>dy wotihi slit! fall w"it!t ceai*^^ 
stant acceleration, l.)ui the air resistance hwtrmv^ greatly rvith 
the velocity of the falling Ixuly, so that in r’asr of a liglii b-tidy. as 
the speed increases the air resistaru'e may l.ier'ome eifiial and 
opposite to its weight, and when that is the case if lalb^ wjlliwil 
acceleration. This is the case with scrap-. < »f jiaper arid rain dri»|i.s. 

Strictly speaking, even the weight of a Imdy is iint «.^on>t atil 
as it falls, but increases as it airproaches the siirfacr* of tin* earlli. 
The weight of a kilogram one mile almve I he eartlib surf. are is 
less by | a^gram than at sea level, and at the 'rr*.il.iiiK of ii 
3 meters high a kilogram weighs alKHit one unllim'Min le,sH tlii.iri 
at the floor. This variation of force with height raiises u corre-^ 
sponding increase in the acceleration of a falling faaiy .|is it 
approaches the earth’s surface; but this is so sitiall litiwever, 
that except in case of great heights it may be iiegterird. 
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101. Acceleration of Gravity. The early philosophers specu- 
lated as to why bodies fell; Galileo was the first to carefully 
determine how bodies fell. He also showed, contrary to the uni- 


versally accepted opinion of his day, that 
except -for air resistance all falling bodies 
are equally accelerated. A large stone or 
a small one, an iron cannon ball, a lump 
of lead, or block of wood when dropped 
from the top of a tower reach the ground 
in the same time. If a feather, scraps of 
paper, and some bits of metal or lead shot 
are placed in a long tube (Fig. 47) from 
which the air is exhausted, on quickly in- 
verting the tube all reach the bottom at 
the same instant. Hence the rate of in- 
crease in velocity, or acceleration-, is constant 
at any given place on the earth for all kinds 
and sizes of bodies. 

This constant acceleration is called the 
acceleration of gravity at the given place, 
it is usually represented by the symbol g 
and is measured most accurately by pendu- 
lum experiments. 

"Fhe value of g at the sea level for the 
latitude of New York is 980.2 cm./sec.‘^, or 
32.16 ft./sec.^ The table on page 117 gives 
the values at some other places. 

The formulas for falling bodies are, there- 
fore, obtained from those of § 98 by mak- 
ing the acceleration equal to g. Thus 

V ^ u + gt 

S == ut + gf 



2gs — v^ — u^. 


Fig. 47 Pali in vacuo 


When a body is simply dropped, with no initial velocity, u is 
zero, and we have 

V gt 

s ^gt^ 

2gs 5 = v^. 
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In approximate calculatujns ami in workini^ '■■■ fi*r |ir;ii;^ 

lice, g may be taken as 9K() ent., sei'/ :V2. it. --ei 

102 . Mass Proportional to Weight. < di^i'itvrry timt 

all kinds and sbes of [)odies when dri^^ped to ihv rat lit at the 
same place arc accelerated at tlu* saine rale vwvpt lor air 
sistanccj leads to an important conclusion. Idir ulien iwii 

arc equally acceleratetl their masses must he proporiioii.d to the 
accelerating forces wliich iori'e%. in llie i;t-.e iiiider coii« 

skieration, are the weights of tlu' hodii's: Ihereiorr ihr 
of bodiCs^ are proporllonal io their wights, tj ^i'enihri! lii ihr \time 
place, 

103 . Relation between Dyne and Gram- 1‘he im'ee urging 
downward a freely falling mass m is t*\[H‘e,->-rd hy l!ie toriiiula 

F mg, 

the force l)cing in dynes' if i\ it. S. units art* iiMsh Sii|ijKise 
m ^ 1 gram and g — OKO» then F ■■■ ikHO dyiies; hy| flic forei* 
with which a mass of one gram is attracts! towiiril iht' earth is 
called the weight of one gram, thertdon* the weight of one gram 
= 980 dynes, or the force which wt‘ have 'Called a ilyrie 'dightiy 
more than the weight of a niilUg.ram at llir istriliV Hiirtswie 

The student may show similarly that one potiiidal is ahoul 
equal to the weight of a lialf-ouiu'c; liiiit is, mr ptaind -uYifJit 
at New York « 32.10 ponmiats\ 

104 . Gravitation tTnits of Force. Tin* weiglit of ;i gram or 
pound is often a convenient unit of force; indeeih 

in English speaking countries almost always nieasiiri* forces in 
pounds; for though the weight a {amiui varies from |iliiee to 
place on the earthy its weight at. some stiiaied sjatl may lit.* fiikeii 
as standard. 

For example the standard force of a pound may !*c* diiiiifd as the 
weight of a pound mass at New York whvn* the i.iri‘el«»ralit*ii of 
gravity is 32.10 fL/sec.^, and in that case it will he eipml to :i2dtl 
poundals. So also the standard force of a gram iiiiglit tn* deliiied 
as the weight of a gram at a {.xunt where g IIHII cm. sfci\ in 
which case it is equal to exactly 9H() clyries. 

If ^ these gravitation units of force are used the const an I k in 
iormula (1) § 94 is no longer unity, but we have 
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(Fj in pounds) 


32.16 


(m, pounds) X (a, ft./scc.**) 


or 

(F, m grams) = in grams) x {(l, in cm./sec.^) ^ 

9oU 

Eut most of the formulas in this book are based on the relation 
F = ma; it will therefore be best for the student in working prob- 
lems to use consistently either the centimetcr-gram-second sys- 
tem with the force in dynes, or the foot-pound-second system with 
the force in poundals, changing, when required, dynes or poundals 
into grams or pounds weight by dividing by 980 or 32 as the case 
may be; 32 being used instead of 32.16, as the 
value of g in ft./scc.^, for convenience in numerical 
work. 

106 , Atwood's Machine Problem. Suppose two 
masses, one 40 and the other 50 grams, are connected 
by a cord running over a light frictionless x>ulley as 
in Atwood’s machine, and suppose for simplicity 
that the mass of the cord and of the pulley may be 
neglected. It is required to llnd the acceleration and 
the tension on the cord. 

In this case the whole mass 40 + 50 moves to- 
gether and the resultant force which gives it 
motion is the weight of 50 -- 40 = 10 grams, or lOg dynes. 

Since force == mass X acceleration 

we have lOg — 90 X (i, therefore a = 

hence the acceleration is one-ninth that of a freely falling body. 

lliis result may also be reached by considering that a farce of 
10 grams acting on a mass of 10 grams gives it an acceleration g, 
and therefore if that same force act on amass 9 times as great it will 
give it an acceleration 

To find the tension on the cord consider the forces acting on 
the mass 40. It is urged downward by its own weight, 40 grams, 
and upward by the tension of the cord, which we may call T 
grams. It moves upward with an acceleration ^'^g, as has been 
shown, hence the resultant force must be upward and equal to 
(r — 40) grams or (T — 40)g dynes, and we have, since F » ma, 

(T - 40)^ = 40 X ifg 

whence . 

T — 44f grams’ weight. 



^0 


Fig. 48 
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106. Motion on an Inclined Plane. \Vlu*n a i/ rest.i 

on an inclined plane, the force due to Kravily. or it-, winidd, may 
be resolved into two components, as slnnvn in liyairn 'l!i, nrir N 
perpendicular to the plane and the <Uher F paratirl to it. If jf 

is the mass in |,:rani'% it!s weiydit 
hi dyiH's is Mg, And trout the 
similarity of t lie two triaiialos, we 
^ \ havt‘ Mg. A\ ajid /'* ro tH-.iivrly 

proportional to t!te 'Hid.r'’''* of the 
— ^ ' Iar*.!:i» trian^de hnirusi by /. Ik amJ hgg 


FxG. 40 


'riiat is, 


Mg - dynes. Thus Ihv Jotrr F causing ihi' 
I 


< mroCni/. nui/ 


is the same Jraci tonal pari of the ‘ivhoie UYtghi ai ike hioiv as ik* 
height of the huiined plane is of its length. Hie ih t tieraiiiai is 
therefore conslant. 

Since F — Ma, we havc^ a - g ^ or a g sin il. 

To find the velocity which tlie Inniy acqnirf.*- in ■•didin^r the 
length of the plane we have <mly to use the loriiiiila o| ^ of § 


The body starts from rest, lieiu*e i/ ■■■■ a ant! I in lliis rase* 
therefore , 

2g I - ?“ or T- - 2gk; 

but this is precisely the velocity which a frtTly f'ltilirig fwwly will 

gain in falling through a vertical distance /i, anci tlnn'c is nolliiiig 

in the result wliich depends on . 

the slope of the i>lane, thertdore 

the velocity gained by a body in 

sliding down a frktionless inclined 

plane of any slope whaieeer is the ■ 

same as that gained by a body in c/,. 

falling freely the same vertical ... 

distance. 

Since the velocMy does not depend cm the slcfii* tif iltc ptarie, 
it will be the same at B (Fig. 50) for any siinmtln fried 
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curve down which it may slide from /t, and it will be the same at 
B as at C or D. 

The time of descent, however, from ^ to depends on the curve 
and may be proved to be a minimum when A and B are joined by 
the arc of a cycloid. 

N o'l'E : In this section and in some of those that follow the term velocity 
should be replaced by the term speed according to strict usage, where evi- 
dently reference is to magnitude of the velocity without regard to its di- 
rection. I'his rather loose use of the term velocity, however, is common in 
physics. See §23. 


107. Kinetic Energy. We will now calculate the effect of a 
certain amount of work in giving motion to a mass m. Suppose 
a force of F dynes acts on in in the direction of its motion while 
it is moving through a space of .v centimeters; the work clone is by 
dennition, Fs dyne-centimeters or ergs. But while the constant 
force F acts there is a constant acceleration a and the equations 
of § 98 therefore apply to the motion, and we have 


also 


2as = 1 )^ — 
F = ma. 


Multii)lying these equations together we obtain 

Fs = \miB. (l) 


The change from to therefore expresses the amount 
of work recpiired to change the velocity of the mass m- from u to 
V. Starting from rest, the energy required to give it velocity v 
is this is also the measure of the work that the body can 

do before coming to rest again, therefore the quantity is 
the measure of the kinetic energy or energy of motion possessed by 
a mass m moving with velocity v. 




kinetic energy in ergs when 
kinetic energy in foot-poundals when 


m IS m grams, 

V is in cms. per sec. 

m ■■ is in pounds 
V is in ft. per sec. 


108. Velocity at Foot of Inclined Plane. The principle of the 
conservation of energy may be applied to motion on an inclined 
plane and leads at once to the conclusion previously stated, 
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§ 106 , that the velocity of a body at t!u‘ Un^t ut an iru liiUMl filane 
depends only on its height mnl is iiid« j-. ad^-at (»! lli*^ 

For the work done in lifting tlu‘ IhmIv i'rniu liir'* titiiiniii ut ihe 
plane to the top de]K‘nds only on Ua* iaipFt 1*1 ila-' |d,,tiie* since 
the work is done only against gravity ami M‘rve> lo iiu naiM* the 
potential energy of the Inxly. In sliding flown ilio plane, it im 
work is done against friction, all the [joltaffial tan'tit)' gained will 
be transformed into kintdit' (‘ni‘rg\% tla^t when it riaieln^s the 
bottom its kinetic (mergy will be (‘qual to the work liui! was tlonc 
in lifting it. The kinetic' energy of ihv tiody ami iver.fa|iii»iit!y 
its velocity therefore will In^ independent of I he :dojir of 1 Im 

The work done in lifting the mass w I lie iH'igJil of Che | 4 a.iie li 
is wgA, for wg is lh(‘ weight of tin* mass expressed in dynes, Tin* 
kinetic energy of the mass at the bottorrf is Aw/k iuiiie 

wg// and ■■ 2 yji. 

109. Kinetic Energy and Momentum Comparefl. fkiiiefk 
energy and momentum are both quantitim, tliat depmid on the 
mass and velocity of the moving body, bill while kinetic miergy 
is expressed by ipnv' and mc*asun*s the %mrk dour on ilie hmty 
in giving it motion, momcnitum, expo-., ed by mi\ iiieasiirrs the 
imptdsG given to it, or t.he product of Iht* force* by the limr diir* 
ing which it was acting on the boely, for tbi: second hiw'' i4 iiifU.hai 
(§ giv'cs the relation 

Fi mv — #iiq 

or change in momentum is eijital t,o tlie iin|Hi!sr wlieii I lie ftrree 
is measured in the api>r<)prial<‘ unit. 

Hence if a force acts upon a body thrcnigh a ctulairi f/iclniire i*, 
increasing its velocity from u to and it is rec|iiirt*d to find tills 
change in velocity, the formula for kinetic energy iiiiisl be inieiL 
The kinetic energy is increased from to llib chniigc 

in kinetic energy is equal to the work Fs done lite liocty. or 

Fs « 

If, however, the time of the force is given, tlie cliiirige tri velcicily 

is found from the (‘(luation of momentum, 

Ft wm mv mu. 
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110. Impact. When one freely moving body strikes against 
another there is said to be impact. 

When the ball B is at rest and A is allowed to swing against 
it, if the Ixxlies are inelastic like two balls of lead or putty, they 
will keep together after impact, the forward momentum of the 
combined mass being equal to the momentum of A before im- 
pact. If the two balls are perfectly 
clastic or resilient and of equal masses, 
like two ivory billiard balls, A will 
come to rest giving up its whole 
momentum to which will, there- 
fore, swing out just as far as A has 
fallen. If the masses arc elastic but 
not equal, then A may continue for- 
ward or have its motion reversed at 
the instant of im|)act depending on 
whether B is the less or greater mass. 

In all cases of impact^ ivhether the 
masses are elastic or inelastic^ the total 
nwmcnkmi of the two bodies is not changed by the impact. That is, 
if one body loses forward momentum the other gains an exactly 
equal forward momentum. 

Stated algebraically, 

Av + Bu ^ AV + BU 

where A. and B are the two masses, r(‘S])c‘ctively, while v and u 
are their velocities before imi)act, and V and U arc their velocities 
after impact. 

This law is easily seen to be a direct consequence of the laws 
of motion, h'or at each instant during im|)act the forward pres- 
sure of A upon B is equal to the backward pressure of B against 
A^ as i‘xj)ressi‘d in the statement that action and reaction are 
equal and o])posite. Hence the total forward impulse given to 
B is equal to the backward impulse sustained by A, and by 
Newtoids second law the change in the momentum of A must 
be equal and opposite to the change in the momentum of B, 
conseciiumtly the sum of the momenta of the two is not 
changed. 
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If the two are inelastic they move to^tefher .ilfer f 

a common velocity .r, wlierua* 

Av '■)- liii - iA /^J^ 

In case of elastic laxlies there i'. a triiaoi iie.farit tin* 

impact whtai the conipn‘-r.ioii is a ma\inm!n aiel tlif f«M 

*io tn. tihiii ii'iif 

fn>m r.icii ,\f iluit 

t he\' are init |.| f 

vt‘loeity a- wimh !lirv h;ive 

ai oillM-.; it i|Ui!r |h|! aijv 

pose the> AfviHAU'iili tr‘ ahrto ami 

f)2 pre^siirr' tir"!e.rr!i ifsreo 

ilistant as I hey ■■■ptiriy apart f'. r barfly 

equaHo what it was cturiug tlu‘ *-rr. p-.-- “•; iirOaof nf larm 
pression. 1'he total iKiekward imjailse ^ihrn I \%ul ijirn fr 
twice what it would have been it t!ie tmdii-. Ii.ief brru n-aAa.iiiy' 
hence the total change* in velocity of J 'ivill |if< !^ui.e' ,e. aa 

V x, or 2(ti — .rK and its liiial vehn, ity I' ttdl be 





Fui 



so also 


V - ?■ ■■■■ 2(;- .,i : i ; i. 

I’ u i 2<.i «i 

If the above expressions are wrillvti 

f' V I (XlX ■ ; } 

I- n 'I /<!,»■ ill 

the cocfltcient m will serve t(» iii.li,alr fhi- .JeKr.-,- „j v. 

it M " 1 the bodies are quiti* inelastii: for I - .« .u».! t , f,,.! 
if M = 2, the resiliency is |H?rfect. 

proulkms 

« "*’■ 

i« vLd.ssi;sri)ii;? ,'™ '•■ 
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3. A weight thrown forward on ice with’velocity GO ft. per sec. is resisted 
by n constant force, and after 5 seconds has half its original velocity; how 
far has it gone in that time? 

4. hind the acceleration in the previous problem, also how far the weight 
will go l)cfore coming to rest. 

6. A mass t)f 10 gms. is acted on by a constant force which changes its 
velocity from 100 to 500 cms. per sec. in 5 seconds. Find the acceleration 
and anioimt of tlie force. 

6. What steady forward pull must be exerted by a locomotive in starting 
a 200 ton train to give it a velocity of 20 miles per hour in 5 minutes, neglect- 
ing friction, h'ind force in poundals and then in irounds. 

7. A weight of 10 lbs. is thrown forward on ice with a velocity 50 ft. per 
sec.; if the coefheient of friction between it and the ice is 0.10, how far 
will it go and in liow many seconds will it stop? 

8. A 200 lb. mass is lowered by a rope with uniform velocity. What is 
the tension on the rope? If it is lowered with a constant acceleration of 
10 ft, per sec. i)er sec. what is the tension? What if it is lowered with ac- 
celeration g ? 

9. An eleviitor weighing 2000 lbs. is pulled upward with a force of 
3000 lbs. What is its acceleration, and how long will it take to gain an up- 
ward velocity of 2 ft. per sec.? 

10. A mine l)ucket weighing 2000 lbs. and being lowered with a velocity 
of 3 fl. per sec. is .stoi)ped in a distance of I ft. What is the average force 
on the supporting calilc while stopping? 

11. If a man weighing 75 kgms. is in an elevator which is going up with 
('onstaiit velocity, how much force does he exert on its lloor? What if the 
elevator has an upward acceleration of 3 meter/sec.’* ? 

12. Wluit is the least acceleration with which a man weighing 150 Ibs. 
can slide down a hn* escape rope which can only sustain a weight of 100 lbs.? 
And wliat velocity will he have after sliding 50 ft.? 

13. A 30 gm. weight is drawn up by a 7()-gm. weight by mean.s of a cord 
over a frictionless pulley. Idnd the acceleration (taking g =» 980) and also 
the tension on tlie cor<l. How far will the weights move in 3 seconds from 
the start? 

14. A 384b. weight resting on a level, frictionless table is drawn along by 
a 44b. weight by means of a cord over a frictionless pulley. Find the ac- 
ccleration and also the tension on the cord, 

15. if in the previous problem the friction between the weight and table 
is a force of 2 lbs. find acceleration and tension as before. 

16. I low many foot-poundals of work are required to give a 5004b. shell 
a velocity of 20(K) ft. per sec.? Find the work also in foot-pounds. If this 
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work is done by the jHnvdtn* gas m a gnn ;.,v* H h>tiy. v.t\4 tia’ f^rre 

in pounds against the s1h* 11 as it is di>v!nu>trd. 

IT. How mueh energy in hatl pnuiah. nej a !■!»■ r a; ■■. n-'-r ^ 

30()"ton train a velocity of tht miles an lii*ur ' I? ■ -e v,, 

the rate of 10(1 M.lh, how long will li f.ile Im fhf n,- !,. y.m|? 

18. A 3-kgm. haminta' with a veloeiii <4 ;» i-aare pr? 

4 cms. into a plank. Find the average rr-a-a.OiM'' ?o ?sy. .e ee,ne,. 4 ii 4 
how much weight re.sting t>n the nail would bv u^v-^\u-4 4, 

the wootL 

19. A l)uHet weighing I t».v aind having a >.4 tooe^ 

fired througli a plank :i in. thick whi«h roUi'.i-v if soo ||» 

With wl'iat velocity will it ec»riu‘ tint, and h««w to.irc. .sjA'-i pi.odr .. -svill §| 
pierce? 

20. A bullet \v{‘ighing 1 oa, is int»*a >r»-p*-nAtrii 1 arjgli" 

ing IS lbs. It oz. ami gives it a veli*utv of u I? Wiua c. |f|f 

combined momentum of bUn'k ami Indlet aln-r ioip.oi ■ \\ h.a v^. do" 
mentiim of the bullet Indore impact I'laiwe imd erkHit’, buTira 
imiiact. 

21. What was the kinetic energy of iln* Indlri h?. potUrr-i yo lariat 
impact? What Is the kittefie energy of tlw lAtn k naifannng icaik? * 

pact? Flow mueh energy in fiKit- poimd'i'j w.o rv|»isdrd Fv 5h.r lr?,;i|vs in 
penetrating into the Iiloek? What pro|Haiional pari «4 ita' i“urf|iy 

of the bullet remairiH as energy of motion after noises, i / 

22 . A bullet weighing 1 5 gms. is shot lni*» a Mr4|,«"nds'd t4nnl ^4 

weighing 2985 gmn. ami gives if. a velontv c4 i<tsd ilv 

velocity of the I mile I. 

23. How high aliove its original level will the ‘ae,|«'n»lrrl idoA., m tli» 
last question, swing in c’onhequein c-, of the vrloufv gc\rii Im if ' 

24. If all the energy of a nittllu shell having vrhHiiiv *4 p 'tre, 
could be spent in raising a PklMM.id.on baulrslii|e flow tdgh w^nthl rt Isif 

26. A bullet weiglnng 10 gms. has a vrk'»«ity of mrfrr'*i m.. 
and penetrates IM) eras, into a pine log. Wlmt is I hr im^T m lo I* 4 ^^vs .#«■"* wiili 
which the bullet Ls resi.sted, iintl how far would it |w-nrtr.itr si « had half 
the original velocity? 

26. A monkey clings to one end of a rt.i|«^ |»av.dng .a fis.'iloidw 
pulley, and is balancecl by an esuietly rfitial weight on ifir iiihrr nid *.*1 il« 
rope. Explain what will hap|mn to the roiifitrr|'»«i,'«» If ilir ie,f^iA'..rv rliiiili# 
10 ft. up the rope and then suddenly Uainh 11ie of ilir loi*’ ?tii.| iv^iirrl 
are to be neglected, 

27, A cord passes over two fixeti pnllrys aiirl «lowi$ vrriir^lly 

between them supp«)rting a movable pulley wideli wliit 4 ib%air',| ^.vrigld 
weighs 5 lbs. A 34b. weight h hung on one end til llw %m4 iiiwl ii ‘Fife 
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weight on the other end. Find the accelerations of all three weights and 
the tension on the cord. 

Nori-:: Mrst iind a simple relation between the accelerations of the 
three masses from the fact that the cord is inextensible. 


Mo'noN OF A Pafticle in Curved Path 

111. Motion of a Projectile. When a body near the surface 
of the earth is thrown in any direction;^ such as AB, it is subject 
to the steady force of the earth’s attraction vertically down- 
ward and, therefore, it has 
constantly the downward ac- 
celeration of gravity g. The 
initial irni)ulse, liowcver, gave 
it a forward velocity V in the 
direction /1 7:^, in which direc- 
tion it would liave continued 
to move with constant veloc- 
ity if no force had acted on 
it, Tlie act ual path in which 
it moves may tluni be re- 
ganled as tlie resultant of 
motion with constant velocity 
V in the dircHdion A B combined with a motion downward with 
constant a(’ct‘leration g. Thus after a time t the body will have 
t rav<‘le<l a distaru'c A C » Vt in the direction AB^ but it will also 
have fallen from C to D a distance s = 

If 0 is the angle of elevation of AB above the horizontal, and if d is the 
di.Htana,! /I H which the projectile has advanced in a horizontal direction and 
k is its ludght, wd have 

d Vt cos d 
h « Vt sin 0 — 

The path traversed may be shown to be a parabola with its axis vertical 
and [massing through the highest point of the path. The highest point is 
lad f way' between the point of projection and the point G where the pjo» 
jectile again reaches the earth. The distance AG is called the range, and is a 
maximum whem the angle B is 45®. 

Idicse results are easily deduced from the above equations, but it must 
be borne in mind that the influence of air resistance has been neglected. 
I'his force in rapidly moving bodies, like bullets, may be very great and 


B 



Fig. 53 Curve of projectiles and jets 
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changes the form of the traieetmy to iim! sh.two l.v the 

second curve from .1 to//. In iHiUsoqtaot* t* *4 t!o. I’ar 0''.4i, ro-iiio, o,4!i|»r In 
gunnery is fouml at a much smaller r}c\a!iou 

The’form of the path of a proici'file or hall 'I - f .r,r 
water jet, fur each iKirticle in tlm jrt is a rreeh L/llme 'U>.h, 


112. Curved Pitching. Il a hall when fin* can hcvtoifl ; . r.iii. 
idly rotated ilu‘ resistarua' id' the air cati-'O-- ti Im ri\o ii'fitn 
the path that it would otherwi'^e takr. i ^ --ri r. hi I !ir- « iirv« 

inu cu a pill, hrd I mil .iiol in 

p / I hr di'}!! joy Ml I o» * !»''». froin 

ridmi uMu-s, If roa.3!!". itutn 
the Ml Mir ms 

(jUrUi r mI whi« It file’ MU.tfillg 
Indt dtap''/. air \tt mm mih- «44|* 
ami iliugs it mui mo ttio lUlirr 

as If ad'i'anir'"'. 




r 




Fro. 54 C'urving of futclied hall 


Su|>pose, for examj'de, that a hall ph .. altMiii art 
perpendicular to the paper ns shown }.#v ihr tyimr«! .irrow in 
figure 54 , while it is moving forwaol in the dim hoii nl" tlie 
straight arrow cd; the rotation of the I'sd! drags ait in Somt tlir 
side at a and carries it around toward ihr Iron! mi ihr* hall 4 ? c, 
giving it a greater forward nnnnentmii fhati i'- yr\'r!i Im thv mr 
between c and b wliere tin* surfui/e of thr hat! r* r.': :■' Imcji 
ward. 

The force against the t>a!l is, t!ierefore< gifsilrr hriwri-ii a aiwl 
c than it is between b and r. Let /Land rrpfr-ami ihr^a' 
surcs against the ball, llunr resnhaid sh^wn in iln^ djayraiii 
of forces is the oldique fence K whit'h in pan ifi*' I'orwiifd 

motion of the bail, Imt also has a t-mp--,.. 'U ir|ir«-rrnird iiv f 
which is at right angles to the i^atli of the liai} and laina*'*. ii to 
swerve to one side in the direction of the dotir’ii linr 

As the force F acts aimianily it catpir^ tlir hall n* tiiM»v'r rddr 
wise with constantly (wederated mot ion, aial, llicrrlfirr, lin - 1 iirv"' 
ing rapidly increases as the hall ndvant'rs. 

113 . Motion Around the Earth. Snppu .,m it w-rrr tt:i 

shoot a cannon ball in a horijsonlal diri*riififi from itir io{* of 
some high moimtain on the earth witli a vrlnripy itnit 

while it advanced a mile it would drop jnsi naitigli to h4hm tlw 
curvature of the earth. Then, if there were no iilr rrd'^taiti::r„ tlir 
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ball would continue around the earth and return to its original 
point of projection with undiminished velocity and would, there- 
fore, continue to circulate forever around the earth as a satellite. 

For sui>pose yi (Idg. 55) is the point from which the projectile 
is shot in the direction AB. As it advances it drops away from 
the line /I 7:^; but the earth’s surface also drops away from AB 
in consequence of its curvature, by about 8 in., in the first mile. 
If, therefore, the cannon ball has a velocity which will carry it a 
mile in the same lime that it will drop 8 in., it will, on reaching 
the end of the mile, say at C\ be just as high above the earth as 



o' 

Fm. 55 


^ B 



at tlie start and be moving in the direction CD^ tangent at C. 
As tlu* l)all moves forward the force due to the earth’s attrac- 
tion is always at right angles to the direction of motion, and 
henc(‘ the s]Ha‘d of the ball is neither increased nor diminished 
and all the conditions of the motion remain constant. 

The time r(‘<iuired for a body to drop 8 in. toward the earth 
is found froni the formula (§ 101) 


Since s - 8 im, or 0.(56 ft., and taking g - 32 ft./sec?, we find 
t = 0.20 sec.; hence our cannon ball must have a velocity of a 
mile in 0.2 sec. or 5 miles per second. 

'’Fhe complete' calculation may be made thus. Let the ball 
drop a distance BC « (Fig. 56) in going forward the distance 
AB - d. If R is the radius of the earth the relation between 
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s and may 1 h‘ found Imm tho nf ilu- 

and .4/J(; from whidi wo fi.ul ' ' -if ft 


or 

and 


-•!/> : dC ; : : ,( /■; 

-V :(/:;</; L'A’ 

2A’ ' 


but .v^is tho dis(aru'<‘ fallen wilh ( uii'.J.ut! a. . e!nafi,,)j e 


seconds, Iherefore 


■: in 


i.C/% 


and (/ IS the distanee whieh ;!»• ball, wiiii , 

velocity advances in / .secornls; that i> «/ ;/ 

Substituting in (1) we have 


whence 


agt® - ‘ ^ 

2A* 


A* 


Taking « ;m ft ./seed and A* ■ r.'ixd -i 
.42 X fi2K() X ItMMf 


' -ItHMt ft . 


and we obtain 


«-2d,0(K); ft./sec... miles per .we, 

""“'"■I ■“* 

cnange its direction of motion /Aw »i«t/ Ae .i . 

The relation between the 

curvature of the path anti th*. , ^ ** ‘ Sfde, th,. riMliys of 

Pf “‘I the uccdcraiion are given a. alww in 
the formula a »» — 
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It will l)c interesting to derive this relation in another way, 
from the simple c()ncei)tion of acceleration as the change in ve- 
locity per second. 

As a particle moves from A to B in the circle (Fig. 57) its 
velocity changes only in direction from vi to But this change 
in velocity is equivalent to compounding ^ ^ 

with the original velocity vi, another 

velocity rc^presented by the vector /, 1 

This vector therefore represents the / 

chtinge in velocity between -4 and B and ^ / 

when divided by the time taken by / 

the l)ody in moving from A to B, gives / 

tins average rate of acceleration heiivcen / 

f 


A and B or a 


Fig. 57 


Let d represent the distance AB^ and since the sector OAB is 
almost exacttly similar to the triangle formed by vi, and / 
we have tlic proportion r : d : : v :f where v is the amount of 


Vi or But the distance d — vt and a 
substituting 


- or / = at, hence 


from which 


and tins relation is exact and not approximat(i, for as B ap- 
{>roachcs -4, the triangle and sector approach exact similarity as 
a limit an<I tlie average acceleration between A and B approaches 
the acttual acceleration at A, It will be noticed also that / is 
l)arallel to a line bis(H:tiag the angle ylOiJ, hence as B approaches 
A the direction of / approaches the direction AO as a limit. We 
conclude therefore that the acceleration at any point of the circle 

is dinxlcd toward the center and is equal to — ■ 

116. Acceleration in any Curved Path. Since the accelera- 
tion just found depends only on the instantaneous relation of 
the various (luaiditics iiivolvisl, it applies to any curved path 
whatever. I'he acceleration at any point in a curved path may 
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be resolved into twf> .. unr aluii** flu- m- 

gent to it an<l tlu‘ othtn- at right anglr-^ ft* if,. ,|'la' > 

along the curvt‘ is tin* ratt‘ of idiange of ■^.|*.rrd ui !|,ir ing, hitdv' 

while the component at right anglc> to ihr path, i ttluti* 

e fltr -prod at f!if' ,i,i'Vrn 
ami r i-». I hr i.idiu- tii i aiv.ifnrr' nf 

tin* |'>afh at fhaf pono 

IIC'L .Fierce ifi Cirimliir Mciften,, 
Whrnrvrr a ma,--- i'. at t rlr'iMfoil i| 

is acteti tm Itv ,a fMii r dr a ■, * 

Fig. f)8 *1“' ri'laliiHi I m.i hrta i- whrH 

<1 m -V G ,:filr ■n-iik 



»'• It.i'. j«'.| 


consiant velocity it IS artrd tm hv o tun e !•' «; -.iHtd 

ike center oj the eirele; or, more j'lniofaliy, tthr!]r\« j .1 lu.r-.'. i* 
moving in a curved path it is Mitijei 1 at ;u)\ rnso !n ,j lortr 

/f =, m “ directed toward the tenter oi eiiivafnrr. r jj,*. 

radius of curvature of the path and ; tlie velo, i!v t.i f h, m.v. m 
at the given point. 

117 . Centripetal and Centrifugal Force. t lirtoiM lH whah 

a mas.s is constrained to move in a imv.-d path 
been .shown, always direeted toward the t.-nt.-j 
of curvature of the itath, ami is therefore 
the centripetal force. 'I'he reaction again.^t ihi*. 
force by the moving body i.s calletl . ,* 

force. Both are dilTerenf aspects i*f the same 
spss, and are of cour.se etpiai and ‘-pp'* i- , 

For example, when a weight is whirletl in a t in !r 
by a cord, it is held in the circle by the lensi«in 
of the cord which supplies the centri petal inue, 
while the reaction oroutwartl inill of the weight 
against the cord i.s called the eenhifu .il tone. 

When the string breaks Aof// force.H instantly .*i . , sGcmr 
no tendency /or the weight to fly outward, it siinplv krep^ m.n i„e 
m the tangential <lirection in which it wa.s moving u n.m heed 

118 . Other Expressions for Centripetal Fore*. It m.,« 
moves in a circle ami makes » <-ompl. |- revolutions j«-( 


Fif4. ffil 
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011 ( 1 , since the distance traveled in one revolution is 27 rfj in n 
revolutions it will be 2Tvrn and hence v = and the centri- 

petal force F = becomes 


F = mAirVr. 


( 1 ) 


Or we may express the velocity in terms of the time required to 
make one (‘ompk'le revolution, which may be called the period 
'J\ In that case 


and 


2Trr 



F 


m 


47rV 


( 2 ) 


Or if 0 ) rei>resents the angular velocity of the rotating body, or 
the arc in radians traversed per second, we have cor = -z; (§ 136) 
and therefore 

F = wzcoV. (3) 

119. Illustrations. When a railway train rounds a curve it 
is kept in the curve by the pressure of the rail against the flanges 
of (he wlu*els. The weight of the train 
is balanced by the upward pressure of 
the track, r(‘i>r<\s(‘id(‘d at figure 60, 
wlnle (lie centripetal forces exerted by 
tlic rails is represented by B; the re- 
sultant force R is therefore inclined and 
the track is tilted toward the center so 
that the jiressure maybe equal on both 
Kills. ^ 

When a fly wheel rotates, it is under 
grcxit tension due to the centrifugal force of the heavy rim, and 
great destruction may result from the bursting of such a wheel. 
A grindst(>ni‘ also may burst if driven at too high a speed. 

A glass of water held in a sling may be swung in a vertical 
circle without si)illing the water. For the acceleration down- 
ward due to gravity when it is at the top of the circle may not be 
enough to hold it in the circular path, consequently the bottom 
of the glass must exert an additional force upon the enclosed 
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water, so that oven at the top of its path tiio water presses 
against the bottom of the glass. In this ea -e the t, n i,,), ,j,’, 

cord when the mass is :it lh<' lop of tin- t iit io i ■ . etu fi hv tlj,. 

weight of the body, while at the bottom ttir tnehein i . in, rea-cd 
by the same amount. 'I’he tension on the i .nd will ihi ielore !«. 

i' we at the t<(((, 

r * 

■■ w,i,' at the botimn. 


120. Conical Pendulum. SupiM.se .a mav; a., p, aii 
fashioaetl steam engiin' governor, is swung aoninti in .1 i irele 
with uniform .speed, it will swing out from the .i\i> .»„! , , i,„„ 

equilibrium at a certain angle <lei>en.iing on the -p. .-d .,} rotation. 

Kvidrnfly irt oi.l.i ihat 
there may Ite . . ‘ b ' ; 

mass niusi !«• ai led on liy a 
fone /• dim ted toward the 
axis and just sjitfa ient Io hold 
if in the einle. Hut if the 

mass, iir ronii al p- ■’"d'eo as 

it may be r ailed, mahes one 
tc*volniioii ill / MS oiids, tben 
the . entiii.ef.d i.4 





Fro. 61 


m-lrV 

r ' 


. this force is the trsuilaitt 

of the tension on the coni P iiml the ivciKhl of 

S T.fZT,l 'ItolWo... of font, i„ in .he 

It IS clear that F : mg : : r : k; tlmrefnre. 


We have, therefore, 
whence 


F 

mgr 

h 


mgr 
h * 


r - 2?r 


l/^. 

y & 
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Consequently if we have two masses 7 n and m' hung by cords of 
cUrferenl lengths, they will have the same period of rotation if the 
height k is the sa,ine in both cases. 

d'he more rapid the rotation the higher the mass rises, and in 
the stt‘am™engine goveriior the rising of the weights operates a 
lev(‘r througli which steam is cut off and the speed of the engine 
decreased. 


PROBLEMS 

1, A stream of water from a horizontal nozzle falls 3 ft. below the level 
of the nozzle in a distance of 20 ft., measured horizontally. Find the 
velocity of the escaping jet. 

2, A jet of water is directed upward at an angle of 45*^ to the vertical, 
a,nd strikes the gnmnd at a <listance of 0*t ft. from the nozzle. Find the 
tinu‘ taken by a. water particle in passing from nozzle to ground, and the 
velocity of the jet. 

3. How mucli weight can a cord sustain l)y which a mass of 100 gms. 
can wlnrled in a circle of I meter radius making 2 turns per sec. neglecting 
tlte elTcct, of gravity in the circular motion? 

4. A stone wtaghing 1 lb. is whirled l)y a string in a circle 6 ft. in diame- 
ter. I'he string breaks and the stone iHe.s olT with a velocity of 30 ft, per sec. 
Fund the strain on the string when it broke, 

3, A mass <rf HO gms. has a velocity of 750 cms. per sec. in a circle of 
radius i)0 crus, lund tlie acceleration in amount and direction and cen- 
tripetal force in dynes. Also find angular velocity. 

6. A 100 ton loc«)molive rounds a curve at a uniform speed of 40 miles 
I)er hin4r. Find llte acceleration if the radius of curvature of the track is 
1000 ft. Also hud the horizontal force exerted against the rails, 

7. In case of the last problem, how much higher must the outer rail be 
tlian the inner, in order tliat the resultant force, due both to the weight 
of the locomotive and its centrifugal force, may be perpendicular to the 

road bed? 

8. A mass of 1 lb. h whirled in a circle of 2 ft. radius on a smooth level 
table, being held in the circle by a cord which passes without friction through 
a fude in tlie center of the table and supports a 24b. weight. Find the 
angular velocity and revolutions per sec. of the l4b, mass necessary to 
support the weight. 

8. A 2CK>"gram mass is whirled in a vertical circle of radius 80 cms. with 
a uniform angular velocity H radians iier sec. Find the period of revolution 
and the acceleration. Also what is the tension on the cord in grams when 
the mass is at the top of the circle and when it is at the bottom? 
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10, A weigl'it of 2 ll'W, is whirlnl in a wtlo a1 ^ jn Ir ^ 11 ■;! *' 

cms. per see. at the tepof tiuM'irele, nlhif ^*.’'<*111 

the gain l)eing <iue to the uevelerathei ui .i ■ ?! t.or 

inclined plane (see § lOthn*' Kadiu-^ so t no' 

11. A lOdh. mass is I'UHig as a pc‘?ut!:l:;'' : If’* a^y-'fd I If 

must it swing in oialer that the feieaon o!t tl^e %*iv\ -?.* e-*v. 

its swing ma.y Ik* {loulah* the trie-^ion when leouet’se +«' a 

12. In ease of “ looping the ionp.'* hua Ingh ^hr Ir-. ? 1 . 

the cirele must the ear start that it n.r4 h.o. r -pm! res^ogi 

the circle, neglecting friction;' t 'ireh- :itt ft, in iimoru-t 

13, Idnd tlu'atigular velruatv and peood *!i a .d |w-tiai-,vl'= 

a cord i meter long ajal swinging artnmd in a » n* !*■ 

radius. 


im 
4ium, 
in All 
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121, Introduction. Any imdi*nt whitli 

through e<iu{U inter%*als of time i> talhal 4 ?.no»!h»in 

Matiy of the most familiar types ui nadion am |won-»4ie, 
eluding the nudious of the plan-els in ilirir ounvol dr 

sun, the vil)rafum of a weight em a '-prirtg. «'r the r»i the 

prongs of a tuning fork. i‘he swing of iho e- m! 4 ilMtk 

or the oseillati-ons td' a, Iralama* wlna-l *■♦! a ma!*h ivill 4I00 }r 
recognmed as jK*riodie nudiotts. .\H wavi™ fiininu-is air ihr it-’ 
suit of periodic mothms of in-divi-dual pafiiileo r*t ilnf’ nwaiiiim 
which transmits the waves.. If a periodic moiiMn, u hm tma 
started^ rc/?ra/.v itself untlund the a/#/ 0/ a?iv raimmi vs ie-andly 
dying out ordy gradually, it is e;tll«.*d a In itsr ms tion^ 

which imnieciiately follow, \ihr;ttc*M. mt^thm will l-ir -dr^ it-Mnl, 

122, Condition Neces,sa.ry for a Vlbrailciii, In or«lrr iliai a 
given mass or a particle 0! material stiidl viiirafr*, 4 

ment from its rest fmsiiiou must he oj.»|if»srd liv a ^.o-tallerl 
restoring force, Whtm dispiiua.*d anil let gn, ifn* fwidy 
tinually urged back towani it.s rest jmsitioii liy lliiv ■■■■■ 
force. The kinetic energy a,ci|tnr«nl during its nifificiis -carriri 
the body beyond the rest imsition and the Iwidy may pi'ri*iriii 
a very large number of vitiratioiiH before tiiially ctiriiitig ti-i rest, 
A pendulum bob will swing hundreds of liiiirs lirl'i:irc“ its 
tion ceases. If the vilmatkm is lin^w, tliiil is to ii o i ^ |«t 
formed in a straight line, it |.msses throiigli its rrrd jpo.dliori iivire 
during every complete vibration cyck% once iii iiM totward 4%iiig 
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aiul once in its l)ackwar(l swing. If the vibration is circular or 
elliptical tlie vil)raling l) 0 (!y never passes through its rest posi- 
tion bill continually swings around it, reaching it only when it 
finally comes to rest. 

Tlie viliration may lie purely rotational in character as in 
the cast^ ol the balance wheel of a clock or watch. The restor- 
ing forct^ is in t his case a turning force which tends to rotate the 
lialaru'e whec^l aliout its axis toward its rest position. Like a 
linear viliration a, body performing a rotational vibration swings 
through its rest [>osition twice during every vibration cycle. 

If no Iriction of a.ny kin<l is jiresent to resist the motion of the 
vibrating Ixxly, its vibration, when once started, will continue 
ind(*linilely without rurlhcr stimulus. Most vibrations with 
wliich we are faniilitir, such as a swinging pendulum, or a weight 
vibrating up and down on the end of a spring, are observed to 
cease gra<lually, that of the pendulum chiefly through air re- 
sist anetg and t hat of the weight on the spring through air resist- 
anc't‘ ami ait internal friction within the metal of the spring 
its<‘lf* d'he case of the planets revolving about the sun is one 
in which the frictional forces are relatively so small that the 
periodic motion continues indefinitely.. 

In nrry vihrnlion (§ 121) a restoring force is present tending to 
restore iPe eihrtiling Inniy to Us position of rest. 

123, The Restoring Force, The restoring force which pro- 
duces tlu' simpU'st and the commonest types of vibration is one 
whicli is direi'lly proportional to the distance which the body is 
(lispIatHHl from its rest position. If a weight suspended upon 
tlu‘ vtul of a. luTuiil spring is lifted above or pulled below its rest 
position, iTUMisurement will show that the amount of force re- 
(|uire<l is directly proportional to the disiilacement produced, 
wlietlier i\w dis]>la( (aiuMit l)e above or below the rest position. 
The same* is true of sideways displacements of the pendulum 
lK)b for small disj)la( enH‘nt angles (§ 131), and of the angular 
disphuamuaits of the watch balance wheel; in both of these 
laises tlie nadcuang force is directly proportional to the displace- 
ment. 

When the viliration produced by a restoring force of this 
character is linear or very nearly so as in the case of the pendulum 
bol) the moliori is said to be simple harmonic. Simple harmonic 
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motion will l)e(Iefiru'd ujid <iiMii^M"«.i in nm- rir'KoJ 
ing |Kiragra{>lis. 

124. Simple Harmonic Motion, U a 
slant speed in it circular path is 
the plane of tlu‘ c‘irch\ it ajipoars ft* ^ » 
a straight limn 

The kind of vibratory i»r i»scillaiorv iiMiirtii 
a[)pears to have in tiiis <'aso is IwOoun a'^ 

, ^ , il ma\ 

/'■ *■ I! /do; 


h'tlliiW. 


□□'T ' j \ i . , T'lioie arr ra kJtist, »f 

V Y.„ , 1/ vilirafury mnijofs th.i.! an- ii«| 

.simfile hariUMidi , on h. pirn, 
Fkj. 02 ample. a% the p,. ifi. le uinili! 

apfwar h^ive in fltr aliow 
matancejf it moved around flu iirele m any m.uvnrf whairvit 
except 'wiili constant speed. Simple harriiMidi’ ni«a Itirns^ 

fore, one particular mode of oseillafion; Ini! ii a-* li% .ar ihr num 
important, for it is the most e(nnm*ni oi ati, and all kuI modr 
of vibratory motion ma,y be <-.pn- .-d as fhe n-mli.ua* a sum 
of simple harmonic* motions, as wm 
shown by the Frcmtdi mathematicimi ^ 

Fourier. 

A simple mechanical device ilhistrat- V 

ing this kind of motient is showm in / / ^ \ 

figure 62. A pin P jirojerls from llie ^| ' o t # 

face ^ of a rotating disc IJ and tils in n \ 
slot iii'a cross head wliich ih attached lo S. 
rods that can slide back and hirfh in the 
bearings BB\ When the disc rotates 
with uniform speed every {Miint in the 

rods and cross head will move hark am! haili will, 4»mk 
harmonic motion. ' 

The amplitude of a vibration i.s the ilistitnte that tJic . S •' 
body moves on each side away from its mtlral or im-.o, - . • . 

126. Velocity in Simple Harmonic Motion. Let n ,,a. ti. Ir .1 
move aroond the drdc (Imb. m) 

aoothet partide B move hack omi forth ahmj< a ■li.ii,.. ier W 
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in such a way that the line joining A and B is always perpen- 
dicular to IK . Then B oscillates with simple harmonic motion. 
Let represent the velocity of A. It may be resolved into 
two conipoiuaits, as shown in the diagram, one at right angles 
to tlie direction in which B moves and the other parallel with 
./?\s motion. Since B always keeps abreast of A, the velocity 
oi B at any point must be equal to that component of ^’s 
velocity whicli is parallel to /JC, namely to the component v. 

I Ah ting r rt‘prt‘sent the radius of the circle and y the distance 
AB, we have by similar triangles 

r : y — Vo : v 

wlience 

V — V() or V = V() sin e 

r 

wlu'rt^ is tlu* angle AOC, 

'riu‘ velocity of H is, therefore, zero at the ends of its path at C 
and />, for there y — 0. While at the center y ^ r and the 
velocity of B is equal to its maximum value. 

The conii)Iete i)eriod of an oscillation of B is evidently the 
same as tlie time in which A goes comjhctely around the circle. 
IaA T represenl this j)eriod, and the velocity of A is 

27rr 

% = 

wliicli also expresses the velocity of B 
at its rni<!dle |)oint. 

126. Acceleration in Simple Har- 
monic Motion. Since A and B have 
exactly the same motion in the direction 
IK\ the accaderation of B must be the Fig, 64 

same as that (a)mpoiu?nt of the accelera- 
tion of .4 which is parallel to DC. The acceleration a(i of yl, 
moving with uniform speed in a circle, is directed toward the 

center of the circle and is equal to (§ 118). Resolving the 

acceleration th into two components and letting a represent the 
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component paralU^l to IM 

‘ and 1* that j h 

by similar triangU‘S, 

n : 

j . r 

and, tliereftH-c, 

i! 

0... 

,r 



■f 

or since 

♦I,. 

■In'-' 

c 


1 ' 


u 

1 




'I'hc a<’a‘ltTat ion nf /> is, thrrt'Uur, »rj 4 ! ! 

from th,e riailta;, it is ftroati'st wfuii /' ajsi i 
at tiu‘ It will also In* iHdiirf! tlw ..u 

is always (iir(‘ot<‘<t /aa'«in/ tlu‘ i'vixtw, flail i'-. H i- 
velot'ily as it movos away fnrm ihr nnxivt aial aai 
as it moves to\va,ni tlie i'lMitma aiul ■Maisf-qtiriiih 2 
greatest at the eetUer as we liave alieady 

127. Force in Simple Hitrmo'nic Motion, "ihr' 
(lyruintical tnjuation F ■■■■ w#/ euahle^, u\ tr* 
force in simiile liarmonic inutiun. W'lien thr tea'- 
lating particle is m and its pniis! mI' ms* 

the accel(‘rati<m at the institut wlum the |i;uiiilr c 
from its central position has jtist hern Nh»»wn iri l:ii^ 


' in-iajiiT 
- ♦ "A h r Cl /I i 

^4' II 

itt 4 V - 
aoft 

'■» \ r i* '}f y 

uri* Lini»4it;t| 
lit »*!ur file 
»h tlir a-.iit'- 
is 

4 *li'if..uue s 




p. ' 


The force at thal: instant is, tlierefona 


F 


m 


4 3r'*^.r 


and is directed always toward the center, or * ■ . c . y. . . . 

"Therefore teiien a muss in niHilihrium i% ao iiiio.Mfsl' liiof f 
placed it is aMeays nri^ed huk knami iis In* *1 

force which is proporiiomd in the displmYmrni, ii tm hFmi 
displaced and hhen set free ^ osedlaie udih simpir liiiriiiiifii’f 
about its position of ei/uilihrium as a rrrilrr. 
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Now the torce required to cause a small strain in almost any 
clastic body is |)ro[)ortional to the amount that the body is 
strained, whether the body is bent or stretched or twisted 
(Hooke s Law, § 245), hence when such bodies are strained and 
then let go they oscillate to and fro in simple harmonic motion, 
as in case of the small vibrations of a tuning fork. 


128. Problem. Let a, mass of 1 kgm. be supported by a steel spring 
of sudi stilincss tleit an additional weight of 100 grams will stretch it just 
1 cm. It. is refjuired to line! the period of oscillation of the weight if dis- 
turbed, neglecting the mass of the spring. 

II the kilograiti weight is pushed up or pulled down as it hangs on the 
spring, it will move through a distance which is proportional to the force 
us(*d, a force of 100 gins, being required to displace it 1 cm. To produce a 
disi>kiccment of ,v cms. the force required is lOOx gnis. or lOOxg dynes. 
But from eciuation (1) above we have, since w = 1000, 


l)Ut 

'Lherefore, 
whii’h gives 7' 




1000 


4 TT^X 


F rc. xoogx. 

l()(\i; - = 1000 and 
see. 


4000 ■ TT^ 

TooT 


129. Simple Harmonic Motion Isochronous. It will be no- 

tice<l tluit tlu^ expression ^ - docs not contain r and is, 

r 

thma^fore, indc^pendent of the amplitude of the vibration, so that 
it does !tot make any dirference in the period of vibration whether 

% 

the amplitude' is Iarp;(? or small, provided the ratio ~ is constant, 

in which case the motion is truly simple harmonic. 

When vibrations have this property they are said to be iso- 
chrofWHs. 

130. Energy of a Vibrating Mass. In every vibration the sum 
(if Hit’ polcntial and kinclic mercies of the vibrating body remains 
conslanl, throughout the entire vibration cycle, except during the 
buihling up or the damping out of a vibration when the total 
energy respectively increases or decreases. It can be seen that 
this must be true from the principle of the conservation of energy 
(§ 72) l>ecause when a body is vibrating freely, such as a swing- 
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132 . Pendulum Clocks. prfidtilum i la/liiahlr 

means of n\anlatin^.r the iimtion of a iliak. -iin'r i il 
through a small arc its oscillatiotis arr iumiIv ; i.r., 

its period of oscilhition is iu.‘a.rly *:! oi lli*' a iieiludfuf 

its swing. 

When an ordinary tioek tlrivrn !^y a '-prion, i'- in -I uui|?{,*| |||| 
it gives a greater impulse tlie penduhiiu k,r' ,i|r, 

merit than when it is nearly run down, and ia > 1 , k d,iivrii 
by weights the friction is not always tMiC'4an! an fin wi,nc of 
the pendulum will vary ace<jr<lingly. 

It must he rtataanliered a.Iso that the [m ’ o| .i tkiik 

not free, but tla‘ littli* backward anti tonvarti wliiPh it 

receives from the escajHnnent huNten MunewheJ tnr.firm 1V» 
secure regularity of motion, thcreloro, the pnidultmi '4, a ♦old In* 
heavy, so that its natural perioti will h<‘ tmly slight I> .cin-a tr'd !,iy 
the pushes of the escapement. 

In good astronornieal rku^ks wlial h known a*-» a c* 

used, in which the petulvdinn tloes nut recrivr anv nnnal'ir 
the spring or weight that drives the cltnia IhU H.‘' n lr|a np t*v .4 

small weighted lever which is set free just as the prfidnlnsr. sisuhr'. ihr rn4 
of its swing, and in falling gives a digfu push lu tlw laHri 

Between, successive impulses the lever h rai'%nl and m l*%: fkr 

action of the clockwork. 

Full details a.s to some forms of gravity esiaprimmi will hr tn flir 

article Clocks in the “ Fneydetpedia Hritatuuca,'' 

133 . Free and Forced Vibrations, fieforr Icaviiiit fin* Mihijrtl, 
of vibratory motion tin* diffcrciua* hciwcrii u lrr«* and a I'orccd 
vibration should l)e c'learly undta’stftofh 11ir frnri ^'-rr 

which is often used, means, as its name irnpIicN, a vilniifiots jirf'" 
formed by a body whicli vibrates fretdy at il^ firrmi, 

A forced vibration is an oscillatio-n of a body iimirit.iiiird liV' an 
external periodic force in a period other lliaii tlir ii.iliirat firriod 
of the body. If the external force be rrniov^ed. fhr body riltirr 
ceases to oscillate or changes the }>efioci tif its ilhifitiii tc* timt 
of its own natural period. 

When the period of a vibratiiin is referred It*, it i:i I tie 

natural period which is meant unless <d'herwise sliileil 

134 . Resonance. The idea of rmniiirirr is weit liroiiglil mil in 
illustrating the di,flerence between a forced aiid free viliriilinii. 
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When a rubber ball suspended from an elastic cord is made tc 
oscillate up and down by raising and lowering the top end of the 
cord slightly l)y the hand, it will be recalled that there is one p>ar- 
ticular period of up and down motion of the hand to which the 
ball actively responds. If the hand is oscillated more rapidly or 
more slowly than this period the resj:)onse is very sluggish. The 
frc(|uency for which the ball responds Strongly is its free or 
natural |)eriod of ui) and down oscillation and the vibration is 
said to be in resonance with the stimulus of the hand. For all 
other freciuencies of stimulus the ball fails to resonate and the 
feel.)le oscillations which are observed are forced vibrations. A 
resomint vibration builds up to a relatively large amplitude with 
a very small stimulus. Furthermore if the ball is in resonance 
with the motion of the hand, when the stimulus from the hand 
is removed by holding the hand stationary, the ball continues to 
oscilhile freely up and down at this frequency for some moments. 
On the other hand the small up and down motion of the ball pro- 
duce<l by the motion of the hand during the forced oscillations 
('eases as soon as the motion of the hand ceases and is replaced 
l)y a feeble temi)orary oscillation in the natural period of the 
ball, 11us is in acc'ordance with the dellnition of a forced oscilla- 
tion given in tlu' preceding section. 

Tims it is seen tluit rt^sonance takes place at only one i>articii- 
lar fre<|ium('y, namely, tlie free vibration period, while forced 
osi'illations of small amplitude may be produced at all other 
pt'i'iods. hhnihermore a resonant vibration may gradually build 
up to a large ami)litude of consi(lcraI)le energy from a very small 
stimulus wlnc'h supplies energy at a small rate. 

Resoruincc^ is important in sound vibration phenomena (§318) 
and in I'lectrieal oscillations (§ 813). , 

Tint tuning of a radio circuit is simi>ly the adjustment of the 
natural (‘lectrical vibration period of the circuit until it is in 
r(.\sonance with the incoming electric waves, so that a strong 
(dectrical osi'illation is built up by the action of a small electrical 
st/imulus. The oscillations produced in the circuit when it is out 
of time are forced oscillations, so small in amplitude that they 
cannot l)e dilected except in the proximity of a powerful trans- 
mitting station* 
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136. Vibration Formula. 1V fornmb I'ur \hr 
pendulum is a spcciai case of a genera} btrmula 

. m 

T -J/r ^ 


which applies to all cases of a vihratiim uiav., ,o ird^ np-n Ir, , 
force which is proportional tt» the ilisplaceincnl <»i itir om tv 
position. In this fornuila 

'f • period of the vihratioji in “ CMtud 

m riiass of the vibratinj^ IhhIv 

Fi - restoring fore<' per indi rn>rn'! 

from its rest position in i-na'i? ^ 

For the case of the pendulum, usinn' tfie prevher. n>a4!;-ri nr 


^ !?i? which Kives the pendulum formula. t*n suli-aduin'U ;» ( •na 

The value of P\ in this ease is <lerived as fol!»nvN: 'I hr dovujv.;j?n 
the mass m equals wqp If the mass is disidiu'eif ’4s.|r‘4V4\ % me.! di-a 


restoring force as found by the diagram of nsv 


ain<i 
I i- 

' oJi 

I kr 


In this case, however, the sideways <lisplacrineiit rmni hr "noatl 
with the length of the pemiulum as discairwesl In tlw -onall |ootf 9 IMJ, 
The period of an angular vibration such as that «*l lltr w’?srr'} >4 a 

clock is expressed by a h^rmula exarlly analogous to U a** in ilir prho 4 

of an electrical oscillation (§ I4h and § Ml h 


PROBLEMS 

1. Show that the motion of the piston of a steam rm-piii^ 

is turning with uniform velocity is not sim|>le liaimonir., .\l wha ii f'sid »4 
thei)istonhs motion is the acceleration greatest and 

2. Assuming that the mtithm tif the piston k ?dmple liarwiMiih, , luid jf.i 
velocity in the middle of its stroke wlien the trank in H in. Irasg m%4 

200 revolutions per minute. Also fiml aeeeleratitai at iiiidtlir .oirl rod «»i( 
stroke. 

3. If the piston anti connecting rad weigh llMI llei. In the hod, 
find the maximum force against the crank pin iliir to llirir rntflu. 
neglecting the effect of steam pressure. 

4. A mass of 4 lbs. is made to cwillate tn m\4 frit by n spring ,4l llw vMt 
of 2 vibrations per sec. Find the force on ihe wlirii it m ;* m Ir^tn 
middle position. 

6. A pendulum 1 meter long swings in cms. on carli %ir|r of iIh 
point; find the direction and amount of the lUTckfaliitn m flir ripi*^^ nf 
its swing and at middle. 

6. How lo,ng roust a pi'Uilultmi be to beat ^tnmh at a |il 4 i,"e wtwm 
? « 980? If made 1 mm. too long will It gain or km mal Iwiw !»«' *Ia\ ^ 
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7. A clock having a pendulum which beats seconds where u — 980, is 
taken to another place where g == 98 1 j will it gain or lose, and how much 
in one day? 

8. hkich r)rong of a tuning fork, making 100 complete vibrations per 
second, vibrates to a,nd fro through a distance of 1.5 mm. Find the velocity 
of the i)rong in the middle of its swing. 

9. A 400-gm. weight when hung on a long and light helical spring 
slretcltes it 80 cms. What will be its i>criod of oscillation if drawn down 
a little and tlien set free? Take g = 980 and neglect mass of si)ring. 

Ans. 1.099 sec. 


IV. ROTATION OF RIGID BODIES 

MioiMON OF A Rigid Body 

136, Translation and Rotation. If a rigid body moves in such 
a way that any straight line joining two points in the body re- 
mains parallel to itself as it moves along, the motion is said to 
be a Iranslalum without rotation. A book slid about on a table 
with one edge always parallel to one edge of the table is a 
case of |)ure translation. If the edge of the book changes its 
direction ihere is said to be rotation. 

Any motion of a rif[id body may be considered as made up of the 
motion of its center of mass combined with rotation about an axis 
through that center. 

Motion of the Center of Mass. It may be proved that when 
any external forces act on a rigid body the center of mass of the 
laxly nx^ves just as though the whole mass of the body were 
concentrated at tliat point and all the forces were applied di- 
rectly to it, and it makes no difference at what points on the body 
th(j forces may be ai':)i>lied. 

When a lop si)ins on a smooth frictionless table its center of 
gravity remains at rest, for the external forces acting on the top 
are its weight due to the attraction between it and the earth and 
the uiiward pressure of the table on its point. These two forces 
are equal and opposite and consequently the center of gravity 
has no translational acceleration even when the top is inclined 
as in figure 75 (i>. 109). 

When a stick of wood is hurled through the air its center of 
mass moves in a simple parabolic curve (§ 111) just as a particle 
would move, excefit as affected by air resistance. 
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Besides this t,raiislatienal loree whifli taih iln* 

amounts and directions of th<‘ several lories a.iid i'« by 

the simi)le force pol\'a‘>n, ihnr is ifsiniHy ■>.! trsn/Cr 
causes the body to rotate about an axis throuej: 

This couple dci>ends not only on the ananinf^'’ .ind diii-i ijun. iif 
the forces, but also upon their points ui applii .if ioii to flir^ 

137. Angular Velocity. Wh<‘n any line in a fnuiv i'.. .u rest 
while other points in the body move in ni’i lr“'v lii.ii !i\e«,! 

line or axis, the motion is calh‘<i rotation. In \ d'o* to .t 
body, like a wlieeb all parts whether luair the a\i'- mi tar Inori it 
must rotate through e(|ual angit's in the >anie lime, I'lie ia,ie 4 ! 
which the l-)ody is turning at any instant. mea-aiO'd in fadums 
per second, is known as its aniiutar vvloiitx and i*- re|ur\eiilrd. by 
6j (the (Ireek letter ome^a). 

Since the length of a radian of arc at a, tlijaaric** r iroiii ihe^ axu 
is eciual to r, we luive 

(jor 


where v is the linear velocity <d a particU^ a! a liislamr r f'roin 
the axis. 

ExampL'K; If a wheel ef radius 15 enis, in a n-vnlvei? |*rr 

its angular vchx'ity is a x 2r radiaun per srr., .usd tlir hura? 1. jf, , mI' a 
point on the rim is 3 X 2 'k x t5 eins. per mh', 

138. Angular Acceleration. W'htii the angular xrhHliv mI a 
body is changing, the ra,te of change per st'comi is kMirHii 4 %. il.H 
angular acceleration, and may be reprcMmled bv «r. Il' liir xnyu- 
lar velocity coi changes to w- in t sermnls., thru 



where a is the average rate of aer'clc^raltun diiritig ilie I, 
The direction of the axis of rotation may iliange. ais*! iIuh aisu 
constitutes an angular aceeieratmt, wvm tlimigli itir ni ne. 
tation about the axis may remain iamsiani. 1"U% i> iilicHt rated 
by the motion of a spinning top when Its axis 1 ;^ inciiiied. fur itir 
axis swings around in a circle k-eeiung a coiistaiil lo 

the vertical. 
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139. Vector Representation of Angular Velocity. The angu- 
lar velocity of a body may be represented by a vector or arrow 
drawn along the axis of rotation and having a length propor- 
tional to the amount of the angular velocity, and pointing in 
the direction that a person must look along the axis to see the 
body rotating in a clockwise direction. For example, if the 
rotating disc shown in ilgure 66 has an angular velocity 10, it 
will be re})resented by a vector 10 units long drawn in the direc- 
tion of the arrow. 

140, Change in Direction of Angular Velocity. If the axis of 
rotation is changing in direction the angular velocity at one 
instant might l)e represented by the vector B and a short time 



Fig. 66 Fig. 67 


later by C (Mg. 67). 'Fhe change in angular velocity would then 
he rcprestnited by the vector D, for this combined with B gives 
(’ according to the composition of vectors. If t is the time dur- 
ing which the cliange has taken place, then D = at where a is 
the angular accvleraium. An angular acceleration of this char- 
acter is found in the motion of a top (§ 155). 

141, Rotation with Constant Acceleration. The equations for 
rotation witli constant acceleration are exactly analogous to those 
for sim{>le translation (§ 68), as may be seen thus: 


Translation in SfrairJil Line 
s disi>lacemcnt in time (, 


Vi - 

; velocity at beginning of 


val i. 



velocity at end 

of interval t. 

a ■ 

ac'caderatlon. 


a ' 

Vi 


i 



'1 t'A 

af 


•i 

«= Vxt F 

'a.v 




Rotation about a Fixed 

B angle through which body 
turns in time t. 

coi =» angular velocity at beginning 
of interval t. 

0)2 ™ angular velocity at end. of in- 
terval t 

a = angular acceleration. 


A A 

2 ad CO'/ — coi*. (3) 
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PROBLEMS 

1. If a wheel revolves hSCHHimes per niiiuifr. i.if'-. .ue.tM'lu ulur'iiv; 

and if it is h in. in tlianieter what is the liitear \rhHi!% ,e t.ii 

periphery? 

2. What is the linear vehaaty i>f a {auin t It ,,u: -t ,i wlirvl 

making 2.5 turns per .sec.? Also the vehuif^ mI .i |M'iin I in n-t*,') 

What is the angular vt'locity of eai h/ 

3. Find angular velocity of a wtteel in .i n in if;u" .iiiH 

has a velocity of 4 ft, per set'. 

4. A locomotive nmntis a curve haviitg a ra* litis nf .Mfet m ,.i,! !;♦ •'nilr-. |*rr 
hour; what is its angular vehnaly? 

6. A wheel is given a, speed t)f MH) revolulituj" pn tn,iH tn venuitei; 
what is its angular acceleration in ratliaie. per vr» pn • « « 

6. How HKiny rcvtrlutions will a tly \\he«4 male in 2ii -Atul** st-ii 

angular velocity is clmnging from 3 tti in radt.in'> per sn , d tor' * rlriMtaon 
is constant? 

7. A body rotate.H about an axis with coiedanl angoJijj r!redi».tri 
8 radians per .sec. per sec.; how many lurie> will ii liavr nn-.;Jr m |ii 

from the start? 

8. How many revolutions will a lawiy make '-.tailhot Icfou tr-^f %ii|| 
angular acceleration 4 rathans |Hrr ,siH^ per see, hdorr il will Itr rrv«,4viiii|f 
at the rate of 20 turns per sec.? 


KiNETKIS of ROTATPrN MUiVT A FlXr.O 

142. Angular Acceleration Caused by Tortpit* Sinijwr..r tlie 
bar shown in figure m is acted mi l-iy a, fe*ri‘r P' at a rli'.i.iiitr i| 
from the axis; it is reciuired to fiint how rajiiillv tin^ ^ 4 lrr•t! r4 
rotation of the bar about the axis wdl! imrr.tsr in * - ,:c . i 

of the moment of forces nr torcjue Fd 
Imagine the bar divided into little iiiassr,^ m,, w,,. eii;,., 
and suppose the effect of the force F is to .in 
eralion a in the rotation of the Imr; that- b. ift. iingiibr 
is increased at the rate of a radians per sec. per mr iinm-r 

acceleration of the mass mi at dintancT rj from tlir aAi*. mil! liirii 
be na, and consi'ciiumtly the force acting on into^f lir 
and may be represented by ft, 'Flib force /i i:. diii:^ to f' 
transmitted to mi by the rigidity of the tiii,r„ up. lie 

acted on by a force since it has ltir ari:rl« 4 'aiiriit r-^m. 
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And similarly every one of the masses nii, etc., into which 

the bar is divided is acted on by the force needed to give it its 
acceleration, as indicated by the small arrows in the figure. 

Now, if a force equal and opposite to/i is applied to Wi, and 
a force eciual and opposite to /u is applied to W 2 , and so on, apply- 
ing to each of the little 
masses a force just such as 
to counteract its accelera- 
tion, it is clear that there 
will be no acceleration and 
the bar will be in ec[uilib- 
rium. dliat is, a system of 
forces ecpial and opposite to 
/i, /o, etc., will just ])alance the turning moment of the force F 
about the axis O, Consecjuenlly the sum of the moments of /i, 
/i, etc., al)out () must be equal to the moment of F about that 
axis, 'riius, 

Fd ^J\n + 72^2 +/ar3 +, etc. 

But it has l;)een shown that 



"I'hercjfore 

or 


fi — f’z ~ etc. 


Fd + nht'F'Oi + +, etc., 

Fd — a {nixTi^ + +, etc.). 


'rhe <|uantity in the parenthesis, which depends only on the 
mass of tlie Ixxly and its distribution with reference to the given 
axis, is called the mmncfU of inertia of the body about that axis 
and may lie represented by the symbol J. 

The kmi'ue or sum of the moments of whatever forces may be 
acting to rotate the body around the given axis may be repre- 
sented by L, and we have then, 

L ^ la or a — y- (1) 


That is, the angular acederation caused by a given torque is equal 
to the torque divided by the moments of inertia of the body about the 

given axis. 
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Notice the analogy to the fonnula f 
corrci^pontls to force, nu»rnc*iit of inertia oaor-p 1 

acceleration corresponds to linear acceferaliMn. 


The effect of tortiue in iauisinit anipihtr .u i rler.ii noi ^ mav In* 
illustrated by the apparatus shown in the hynii' \ 11^11! bar 
carrvingt two inasst's ,1/ and .1/ is nnnitite'if! on a hoi a%u, 

IKu-pentlicular to tite bar a.nd is set itt iniUitoi h\ a ie!o II hung 

from a ct>rd wrapped an hnat im lltr 

axis. Wdji'n the riia‘--e. M aia\ II o.re in lltr 



Fid. hO 


positi^ai shown, tite Inn iMitv. inpilir v«Lii"itg 
slowly, for the fartiier flir' ina i-. .ue uoiii l|ie 
axis, t he fjt^'eater the luMiiifnil 1 inefiia id |}it» 
rota/fiti^^ ss'stenn When the ii.ee''' '-e-.. 4i'f’ cIoh* 
to the axis l!u‘ inoiuent oi ineiii,i 1 . '-,111411*,^ 
arvd the fnir jgains anonlar ^ehiiii v vr-ry 
more rapidly than liefurre 

The i’ah'ulatiem td' inMnn,aii^ «'»! iiaoiht \vi!i 
he tliseussed in p.o.';" d. llo lo 117, 


143 . Angular Momentum. T!ie formula oi tlir ta^t 


L la 

may be i)ut in tlu* form 

/. MiM 


/./ !m,. Im it) 

which is exacdiy analogtms to 

Fi wr-j mvt 

The i)roduct of the momeni cd inerlta by flir angular v'eliwdiy 
about an axis is known as the u/ixui/irr ;#ir?weiilnw *4 thr r*natiii|f 
body about that axis, and iniuatiuu i"|i alioxin 'flairs lliat ihr 
change in the angular mammlum aj a hmlv ahnul any npmi 

to the moment of force or torque ulmut Umi axis ^ hy lln 

time during lokkh it acts. 

When the axis of torciue is pcrFm!:^ :d-jr in *he axk eg roialkm 
of the body its only effeel is to change ihi’ ilimikm of liir axis 
of rotation, but the ammini of the angular iiiffttiiuitiiiTi rriiiairii' 
unchanged. This is illustraled by the top t'l Ififie 
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144. Kinetic Energy of a Rotating Body. When all parts of a 
body have the same velocity the kinetic energy of the body as 
we have already seen is where M is the mass of the body 
and V its velocity. But in, case of a rotating rigid body the 
velocity of any part depends on its distance from the axis. In 
this case we may imagine the whole mass to be divided into 
small portions, and calculate the kinetic energy of each of these 
portions separately and then add them together to iind the total 
energy of rotation. 

'Fhe body represented in figure 70 is supposed to rotate about 
an axis i)erpendicular to the paper. Imagine the whole body cut 
up into little rods parallel to the axis whose 
ends are seen as the reticulation in the dia- 
gram. Let the mass of one of these rods be 
m, its distance from the axis r, and its veloc- 
ity <lue to the rotation of the body v. Then 
its kinetic energy is ImvK 

But if 6a is the velocity of the 

body, oar will be the linear velocity of a mass at a distance r from 
the axis. 

Thus, 

6)r — 2^ and 

Now, let m\ represent the mass of another of the rods into 
which the Ixxly has been imagined divided and ti its distance 
from the axis, then its kinetic energy is and so the total 

kinetic energy of the body is 

Ab A, = .JmcoV + +, etc., 

there being one term for each part into which the body is con- 
ceived to be <livi<led. Or we may write 

Ab E, = + min^ +, etc.), 

since the angular velocity of every part of the body is the same. 
But the quantity in parenthesis is the moment of inertia I of the 
bar al>out the axis, therefore 

A. £. 



Fig. 70 
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Notice again the analogy Inawn-u ilu--- aiiif ||||* 

formula for kinetic energy of traie4aUon 

Moment of inertia corre-iHnei-. lo ma- 
Angular velocity corrt\spomlN lu liiii'ar vrln, iiv 


146. Moment of Inertia of a Koci. I'hv itni h^. “i » < 
of inertia may tse illustrateti l>y the eaM- a .-aonch? 
axis at one en<l. Lei / he the length and 1/ fiu' tv\.v ■> 
it to be divided into h e(|ual parts. eai1i pari an! ^ irs*. 


length of each part will he • and if tin* di;.fanM‘ mi p 
is taken as the distaiua^ t»f its faitlu’r end. tin- 'ha.; 


/ 

2/ 3/ 

parts are 

n 

. (‘tC. 

n H 



1 » m 


U" 

It' 




t , etc., t^r / 


iw/'- 


di life 
sirrivi? 
'ii I Iff 




Now, it may be shown that tlie larger u h taken ilir »fe * h.-.rh* ifi# 
sum in the |)arenthcHis approach the valne * ;nel d f'Isr 

supposed to be divided into an infinite riufnla*r *4 j.» 4 fl'c 


, mP MP . 

/ • ■ Mine wri 

a* 3 *1 


M. 


The moment of inertia of the latr is, therefiire, the mmr !lcr»ygli its 

were concentrated at a distance k from the %i'hrrr 1'^ - ' * 

The distance k is known as the miiii4.s n/ of ilir -ilwaii ilif* 

given axis. 

146. Formulas for Moment of Inertit. In «;4:'4* of of jwinplt 

figure and having the mass uniformly di^ifriinited tbr 

the moments of inertia may be t:iik.’'uhitcf| bv flic iiicib'od*'* «4' cviliiilmc 
But in more complicated cases they mmt ilrtnriiiiird bv 
The following formulas are given fm relerriirr; 

Thin rod, of mass M and length I, having n immvttm mk M one m4, 

, MB 

/ 

Thin rod, of length i, having a tnmsver^^ axis llirciiifti llie cviitrf » 

MB 



ROTATION 


103 


Rectangular l)lock, of width a and length h and of any thickness whatever, 
about an axis tlirough the center perpendicular to a and h, 


I 


- M 


(a^ + l)^\ 
12 


( ircular disc or cylinder, of any length and of radius r, about an axis 
through the center and |)cr[)cndicular to the circular section of the disc or 
cylinder, 


I 


Mr^ 

2 


Circular cylinder, of Icngtli I and radius r, about a transverse axis through 
its center peri)cndicular to its length, 


4 ^ 12 , 


Si)lierc, of radius r aI)out an axis through its center, 



147. Moment of Inertia about a Parallel Axis. If the moment of 
inert iti of a body is known about an axis through its center of mass, it may 
readily be cahnilated id)out any parallel axis. For if 
/(I is the monumt of inertia about the axis through its 
cent(‘r of mass and if M is the mass of the body, then 
the moment of inertia, about a parallel axis at a dis- 
tance h fn)nt the center of mass of the body is / « /o H- 
i///'*; that is, tlie moment of inertia I about any axis 
is equal to the moment of inertia which the whole 
mass wouhl have about that axis if it were concen- 
trattal at tine cemter of mass of the body, added to the 
moment of inert iii of the body about the parallel axis 
througl) its (am ter of mass. 

148, The Compound Pendulum. In discussing 
the stmpk pendulum it was assumed that the oscillat- 
ing mass was so small that it might be considered as 
conc(!ntTaled at a point, and the mass of the sus- 
pending system was entirely neglected. 

A juMuiuIuin which has distributed mass and so does not satisfy either 
of the above sim|>le conditions is said to be a compound or physical pendulum. 
All actual pendulums belong to this class. 

I.et it l)e re(iuired to find the length of a simple pendulum having the 
same period of oscillation as a given physical pendulum. Suppose the pendu- 
lum tO' have ntass If and let its axis of suspension 0 be a distance h above 
its center of gravity V (Fig. 71). ''I'hen, when a line joining 0 and C makes 
an angle B with the vertical, the pendulum may be considered as acted upon 
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by a force M): actiiiK ikiwinvunl tfinuiyh il-. i cuii-f m! it v 
a'lnomcnt of force abiml ihe a\i> <• <‘i|uai lo )/ . J "i If .-r 
moment of inertia of the *'• 

M ilh .sift /<*. 

therefore, 


But in case of a simple pemiuhitu ot lem^fh i !!so ;* vi? 
alHHii the axis (>' is m^\f sin fi ami ihe n\^Mv,vni h! - 

ntir; therefore, tnyj sin 0 ■ ml'n' aral theaippjlif 


I |ii,ri|||r 
I’. I u fill* 

I i MI, 


If the two ptaithihims are to have* the Hama prrK.r<! hr, »,??■< oj Umt 

angular accelertitions (v a,iitl (f* tnuNt he «*«pial ■i.Ujeu Inaii |trnPohro,i-. 
equal angles with the vtalical; that is, 

M^:h sin (i , ,, 

y 

and, therefore, 


The length of the equixadent siinplr pruduhiin i'ah'nLilr-l ilp* ahm. 
formula will always Ik; greater thati //. siui'r tlie «»f UirHM / mI ilte 

pendulum is always greater than if the whole masN %%:rtr « *-ait ai it% 

center of gravity (seeS M 7 l;that is, / isgrealer ihan and, * ^*iej.rvpirtii|y,. 
I is greater t han It. 

The [)oint P in line with (> and C ' and at a di'daiivr i ^ ^ r- t tdird ilw 
ceMer of mrUlaiion. luuT | portion of the of the prieJuliifti Iri'Arrti I* 
and 0 is constrained to swing slower thati tl wonid u #i wnr i*rr ivi 
cillate by itself about () as a ernter. while all o| ||»r ■ • * ‘'i, 

below P have to swing more quirkly than if they wrrr free I'lsr 
tween Pand 0 , iherehm.n tends to f|nlekeii the 1,4 thr p'^ :,i; Id-'orii 

while the mass below f tends to retanl it, 'while the 104^-, 41 !♦ 

neither hastened nor retardetb hut swings e^aeih- 4:-^ it if Ifrely 

svispended from (>, 

149 . Angular Vibrationi. The |>rrio«i of itn af'igidar ;i.i 

that of the balance wlicel of a clock is given bv 

P 2ir \ / III 

T /u 

which holds for all rases of a maHH vibritling lilM'iyi, an a%ls and m tr»i 
by a restoring moment or ccntple protmrtiortid l,r« llir .iiigiitat 4i?i|4aertii«il 
of the mass from its rest |>ositiom in ihk foriwila 
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T - period of the vil)ration in seconds. 

/ = inonient of inertia of the body about its axis of viloration (§§ 144™ 

M7), 

Li ~ restoring couple t,)er radian of angular displacement of the mass 
from its rest t>osition, in absolute units. 

If the moment of inertia, of a clock balance wheel is / gram cm^ and a turn- 
ing couple of L\ dyne cm is necessary to twist the balance wheel 1 radian 
from its rest position, its i)crio(l of vibration is given by formula (l). This 
formula, is seen to l)e exa,ctly analogous to that of § 135 and § 811. 

150. Center of Percussion. If a rod or pendulum is suspended from an 
axis .1 (Ng. 72) and if that axis is given a sudden sidewise impulse or if it is 
mo\’ed rapidly back and forth from side to side, the 
inertia of the rod will cause it to move as though a 
certain point 8 was fixed and the rod turned about that 
point as axis. 

dins instaiitaneous center of the motion is not the 
center of gravity ( Imt is the center of oscillation cor- 
respomiing to the axis of susfiension at /I. A marble 
placed on a little shelf at B is scarcely disturbed by the 
sudden to-and fro movements of the axis A, while at any 
other point it would be instantly thrown off. 

On the other hand, when the pendulum suspended 
from the axis .1 is hanging at rest, if a sudden sidewise 
impulse is given to the bar at By as when it is struck a 
l)low at that point, no sidewise imimlse is communicated 
to A in consefiuencc, hut the bar simply tends to turn 
about .1 as an axis, h’or this reason the point B is also called the center 
of percussion ctM-respoialing to tlic axis .4. 

In case of a liaseljall liat the blow is given to the ball with the least jar 
to tlK‘ lutmls when the ball is struck at the center of percussion of the bat 
corre.sponding to an axis at the point where it is grasped. 

161. Tabulation of Mechanics Formulas. The following is a 
tahulatioii of the important formulas studied thus far under 
mechanics. There is a dose parallelism between the formulas 
for translational and those for rotational motion which is seen 
by comparing the left hand and right hand columns of the table. 



I'niHsIaikm in Sir (tight Line 
s i* displ'ic:*m('nt in time/. 

Vi vel<.icity at beginning of in- 
terval /. 

-- vek^city at end of interval /. 
a acceleration. 


Rotation about a Fixed Axis 

0 « angle through which body 
turns in time L 

coi « angular velocity at beginning 
of interval /. 

0)2 « angular velocity at end of 
interval /, 

a » angular acceleration. 
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I'nmsSlatiiffi in Sirai^hi IJiu ( 't^nf. 
/?). .f 


^ vii - 1 - ' 

2Uv\'' =•= I’a'* ?U''‘ 

m ■= inerliu or hkihs. 

J? =;s pm r..; foiVV. 
niD « niomcnUHiu 
Ft =3 //ri’i! - mvi - t'lmnge 
m en turn. 

4 jfnv" « kinctii' energy. 


2f V period of a linear 
^ ri 

viljnition where Ah re 
storing fort'e per unit tiin 
placement from rest pod- 
tion ill alisulute units. 


/. ■ /m 

/,e am: 
ij ■■ /.C; 


'hoi’ial 4 

le»ird -'^'loor' /, •, — y<«, 

4? Ml t * *1 ‘ pir I «f, r f fndtelll 
ol angolo *lj’“-pl.Arrf!iir|ii 
Ir-^nn tv 'it I'iw >‘’a!i*-«s an dh 
>o|i4!r ulut.'j 


PROliLKMS 

1, A cylinder weighing IU\ kgms. and In-uhig a d|.o,orirt' mi I f«rirr 
mounted on an axis am! set rotating U;V' a |hiII *d ;? kgurs <oi 
on an axle 10 rms. in radius. Mud the aii/rlriatsMii rd .sod ilsr 

of rotation 3 Her. from the time of jUmliiig. 'I’hr m$ jurisi^ o| g 

cylinder about its axis is SI f§ t -tOi or 
^ 30 X HHKI X mP 

I « — :i7,niai,riMl grm. rrit'® 

The force acting Is 2 kgms, or 211011 gms. or mm >, %m:i dvtir,:* liikI lit 

moment of the forre is 2tK) X OHO X 10 dyne-rin, 

Substitute in tlie formula L -- Ar, 

2CK)0 X OHO X 10 .‘iT.rfiHrunn _(f /, ^ ti,„§2ri 

Hence the system will gain in 1 second an angular %'‘rlitcll%' of a liifle iiiiirt 
than half a radian i'>er sec. 

In 3 seconds It will acquire an angular vidmdty dn tliiii h 

It will be turning ttt the rate of aljout I revuluti«»» in -I siiww « » 

where 2 ' is the period of revolution. 



ROTATION 


107 

2 . What is the kinetic energy of a wheel which has a moment of inertia 
20 lb. ft.‘* and is rotating at the rate of two turns per sec.? 

3. if a weight is raised by means of a rope wound on the axle of 
the wheel in problem 2 , how high will it be raised before the wheel comes to 
rest? 

4. A uniform rod 40 cms. long and weighing 200 gms. can rotate about 
a transverse axis through its middle point, flow many ergs of work will be 
recpiireti to make it. revolve at the rate of three turns per sec.? 

6 . Sui )j>ose the rod in problem 4 is set in rotatioxi by means of a 200-gm. 
wciglit attaelied to a, cord wrapped around a cylindrical axle 4 cms. in 
diameter. How fa.r will the weight have descended in giving a speed of 
rotation of 3 revolutions per sec.? 

Noi l''.: h'irst solve neglecting the kinetic energy acquired by the 200-gm, 
weiglit as it sinks. 'Hien obtain the more exact solution taking account 
of this energy. 

6 . 'Hie lly wheel of an engine weighs 1200 lbs., the bulk of the weight 
l)(‘ing in th(‘ rim of the wheel at a distance of about 3 ft. from the axis. 
Wliat i.s approximately its moment of inertia and how many ft.-lbs. of work 
must lie done liy the engine to set it rotating 3 times jxer sec.? 

7. 1 low much energy will be given out by the ily wheel in problem 6 in 
slowing clown froxn 3 to 2.5 revolutions per sec.? 

8 . A uniform bar 3 ft. long swings as a pendulum about an axis at one 
end. SIiow tliat the (‘cjuivahMit. simple pendulum is 2 ft. long. 

9. A unifortn .Hiiherical steel ball 0 cms. in diameter is hung as a pendu- 
lum liy a. steel wire .so tliat the center of the ball is just 100 cms. below the 
axis of ;ui;;pcn:;itiu, h’ind how far the center of oscillation is below the center 
of the ladl and what is the length of the eciuivalent simple pendulum, ne- 
glecting the nuisH of the suspending wire. 

10. A rectangular bar of steel 1 X 1 X 12 cm. and weighing 90 gms., 
wlu‘n suspended in a horizontal position by a wire attached to its middle 
point, Ls set oscillating about a vertical axis through its center and makes 
4 complete vibrations in 10 sec. I'ind the moment of force or torque due 
to tlie twist in tlie wire wlten the l)ar is at right angles to its equilibrium 
position. 

11 . I'lnd tlie period of oscillation of a solid metal sphere 6 cms. in 
diameter and wadglung HOO gms. when hung by the same wire as the bar in 
prolilern 10 and set oscillating about a vertical axis through its center. 

Some Cases of Motion with Paktly Free Axis 

162. Foucanif s Pendulum Experiment It occurred to the 
French pliysicist , Foucault, that since a pendulum undisturbed by 
external forces must persist in its original direction of vibration, 
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if one \ven‘ swung at the nnrtli i^^lv In w}iii:|| 

could not transmit torsioiu its dirrefinn \ im ..n m. -A^^nlA tv. 
main constant wliile t!u‘ earth turned .inmo-f imdn r? , ^ !ri4| 
an observer moving with tin* t^arlb the |.fhdu!nio 
to change its dirtHlit>n of viiuufion at the laOr <u I .'i ]^rr hmt.^ 
At the ecjuator tin* <lireetion of the on noeo.i nTa,ce . Oufallrl 
to itself as (lu* eartli rotates, and eon-.e^im rf b', ihr *u' vi. 

^ liralion of the |»«'nd:diue, "Amu-l rrrnaiii 

. 4 unchanged. 



than 50 mett*rs long. 


At any intiianednrte l,ii :in,.sdr' ttir-' f.ui, 
gents to the nirridmn ■■ ,0 l'»* *iif 

feritig in longitudf b\ Id -u, h, I ;m4 

Ji ihig. Tdeb will Ii'iert thr a '>3 ■ ft 45*4 
the angle nn.'ae 4 i»-. i ijang*" h'l 

dirmiiou ig iht* niriidu,iH ti*»i 3 r i osr- 

secjuently a {onnaulf pmdule.ao u'l Siwt 
latitude will eitill in ee^r hoio llmercjt ,;ii5 
angli* eqtia! to Ift/b i iu"'. uor-re-ahiii 
fvjir! h; i« ' ' w laiaird on! b) |■e*laal|i| 
in 1 K 5 I, Mr > '^rd .e> j«“n,dnlntn a nneedvr 
ball of M *1 »] o r , } I y n g b %. a w i r i ■ 1 1 n * w* 
frcun the d*utn' oi tlu’ jtmilir'MO iot ftirii's 
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163 . Conservation of Angiiliir Mci ueiittim. Iri 
system, of bodi(*s Ihr /e/a/ ftu i ,iin 

fwl be chaH,^ed by any inirrnai Jar* : ts.ir %up|«e4’ i .osd li 
(Fig. 74) are two parts the system whii h 
act on each other, siiu'e ariifut and reaeii«*ii 
arc equal and t^pi'Hwite the fona* on J is 
equal and opposite to the force on /I; ami 
since the distaiua* from IheicKts It* the lim- 
of action of the foreign is the stime for bit In 
the moments of X\\e fames alaait the a%h 
will be equal and opposite*, so that in th« iitiir- iltf-v tttii 

give equal and opposite angular lumuniia to f,tir sy-dmi .iiitl 
consequently the total angular miiiurnluiii will ind hr 


I |j' 


For example, in the wilur system the p!am-!‘. h,»vr te»s «i«!y 
angular momenta alKUtl their «iwn stxe^, Iml jiO» iusguhtr mo- 
menta about the common center t»f gravity of tin- •»y4<:»t I hew 
angular momenta may be rt-prcM-iili-.! as* vetioi-*, aini tbeii rr- 
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sultant found from the vector diagram, and neither the direc- 
tion nor amount oi this resultant is changed by any internal 
lorccs, such a,s the attraction of one planet for another or any 
possible collisions between them. 

154. Angular Momentum of Projectiles. A body having angu- 
lar moment um tends to keep the direction of its axis of revolution 
constant, arul the greater the angular momentum the harder it 
is to <lislurl) the direction of the rotation; that is, the slower its 
axis <)1 revolution will change in direction under any given torque. 

So tlu‘ spin ol the riile bullet or shell from a rifled gun causes 
it to k(‘e[) pointing in a nearly constant direction as it flies 
through tlu^ air in si)ile of the tendency of a long bullet to turn 
sid(‘wis(' in c'onseiiuence of air resistance. 

165. Motion of a Top. When a rotating body is acted on by 
for(H‘s which tend to turn it about an axis perpendicular to its 
axis ol rotation the effect is to change 
tlu‘ (iirrdion of the axis of rotation 
without producing any change in the 
amouni of the angular momentum 
aJK)Ut that axis; ]>recisely as when a 
r()r(*e atis on a, l)ody at right angles to 
tluuiiretdion of its linear motion (§ 115) 
it changes tlie (lirection, but not the 
spml of th(^ motion. 

Idle motion of a lop affords an ex- 
Ci'IIent illustration of this prinei}>le. 

Tlu‘ to}> in figure 75 is represented as 
sj)inninn; in the direction indicated by 
tile arrow, hut in the inclined position 
shown it is subject to a downward force W due to its own weight 
actittg tlmuigh Its center of gravity G, and the upward pressure 
of tlie floor against the point of the top at A. These two forces 
are equal and constitute a couple which tends to turn the top 
aI)out an axis DA perpendicular to its axis of revolution. The 
effca't of the coui>le is to cause a steady change in the direction 
of tlu^ axis of rt‘volution, the upper end of the top moving around 
in tlu‘ circle EFIJI. d'his change in the direction of the axis of 
the top may be called its precessional motion. 

lire precession of the top may be explained as follows : let the 



Fig. 76. Top with point 
fixed 



no 


MKC'HAXirs 


vector AB repn-siMif in amount aiHl tlirot rhr Au^ni\.,ir iim* 
mcntuni of the top a.bout its axis, t itr xv% fur Iwiiir. 0?.! rs i tli^l 
the top is seen to revolve tioekwiso l^y an >rf \« i Is*. ikirr;r 
the vector AB in the dirtHiion iti whii'h if pnini - Stnahiih' tj||» 
vector AD may represent tin* anyiilar ir.unir?uum, h tvfiiitil 
be given to l,he tt>p in a very small intiavad fni^f / lr\- ty 
couple consisting of the for<*es IT and il'b "I hr ifn;* 



two vtHiors Ai> ami Ait !■, iIh- M-iUit Jiy 
showing that thv r«‘>tdfanf aJu-mlu ft?.' erimf mu 
will havt* A ( ' as its and ifir mi liir iisji 

will aee(jrding!y im»vo dirMiU' llo' /uu, !«/■ /IJi;; 
in the tiuu* /. »\nd as ftir vr« »:r /if a.lwaV’S 
at right angles to tin* |»!ann IA\ A , fln-^ !n|i wiil 
moveat right anglf*s timbi-. plains and f ftefrioru 
its upp(‘r end E will deserilii: a, * in p. 
the verfietil axis AK . 


Fig. 7a 'bt the eas<* just dismy-sed ilir fro ii*e;i nf tin* 

tliHfr is suppwrd tu }iv .Hiifiuiraf tn krrp tfir 
point of the toj.) fixed at A, Hut wta^n ibr' i«f|i 'j'liii:*-* *i»ii a 
friciionlcss level surface it remains at a t/'Miisfani iit* liisaliuii and 
its precessional motion is about a 


vertical axis through its tru(rr*t4 

gravity, as shown in figurr* 7tb " y„ ^ ^ 

How it is possible for a to[> to rise j p ' ' , : | 

to a vertical position as it spims was I j ' 

first explained by Lord Kelvin. It j f. . .'Iv"' 

depends on the fact that the peg of the " ■ ■ 

top is rounded and tin* friction be^ 
tween it and the floor cansexH it to nfll 
around in a circle; and when tins rolL 
ing of the peg on the llcmr urges the 
top around faster than the regular prt> 
cessional motion^ it causes the iriclimi'« 
tion of the top to gradually 'diminisl'i until it starnif^ V’«*fiiral anti 
gps to sleep.” On a lu-rf,-. ily ^^ur^a,r .» fop ,oul4 

not rise in this way. * 



with heavy nm is mounted m two pivotwl rings wt thal fbi* axis 
of rotation of the wheel may be inclined at any imgkt uml t he 
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whole may also turn freely about a vertical axis. When the 
wheel is in rapid rotation a sharp blow given with the hand to 
one of tlu‘ rings as il to change the direction of the axis of rota- 
tion, will cause the wheel to vibrate as though it were held in its 
position l)y stiff s{)rings. 

Whim a small weight is hung on near one end of the axis of 
rotation, the wheel, instead of tipping down, rotates slowly 
around the vca’tical axis as indicated by the arrow; if the weight 
is hung from the other end of the axis this precessional motion 
is reversed. A bicycle wheel serves admirably as a gyroscope. 
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157. Precession of the Equinoxes. The earth itself illustrates the 
pn‘<’t'S!;i<)tial motion of the gyroscope. It is a rotating body with enormous 
angular moment urn. Hut us it is not a 
sidiere arid its axis i.s not pi'nxMiditailar 
to tlie [dane of its orbit, the attraction 
of tlie sun on the Inilging equatorial belt 
temls to turn it over and make its axis 
perpendicular to the ecliptic, d'hc clTcct 
of tills rotational fort'c is a slow preces- 
siomd motion of the axis of the earth, 
just as In lh<‘ gyrostxipe. d'he axis re- 
mains inclined 214 ^ to- tlie pole of the 
ecliptic, Init tlescrihes a circle about that 
pide in a pt‘riod of about 25,890 years. 

If we laki* tlie pole of the ecliptic as 
a center and describes a circle of 214 ® 
rarlius it will pass through the present pole star and will mark the path 
wlncli is l>eing described by the polar axis of the earth. In about 13,000 
years the Imight star Vega in the constellation of the Lyre will be very nearK 
at the pole. 

V. UNIVERSAL GRAVITATION 

168- Kepler’s Laws. I'he German astronomer, Kepler, in the 
year 1609, having made a careful study of the observations made 
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by Tycho Brahe, came to the conclu>ion that tin* urIhf-H flu* 
planets were not circular as had hwu stippuM*d. !>iii ' ” -aa,.!, 
and announced his discovery in the hdlowiiut law *: 

1. 7' he oj^lnts of (he ploticis uro ellipses iiOiiuii ///e \uh oi 
focus. 

2, The area swepf over per hour hy ihe nuiius ami 

planet is the same in all parts of ihe pUtnrfs orh:: llriar ihi. 
planet moves faster in its orbit wlicn n«*ar tlir ■am fliaii whrn 
farther away. 

After nine years more of jHU'sistent sc^art'h I* a ‘-.■Minr rrA'ilien 
between the periodit" tinu'S of the planet> and di.a.iiiciv 

from the sun, he discovtaa^d and aniunnued fti>: third law: 

B. Ifhe squares of ihe periodic times oi the plane* \ are proper' 
tionul to the cuhes of their mean disian< es /nan iim \un.. 

169. Newton’s Principia, In ItiKB Sir I^aa*" New! ■mi 
lished his great work, the Prineipiin in wlii'i'h Ire elearly rutne 
ciated the fundamental ]vniuaples of merl'uiiiie'*'* and applied 
them to a great variety of important prnh!tun;>. In thin work 
he showed from the laws of meeluinit's tlmt if the plaiiel:. iiiov'rtl 
about the sun in ellipses in tlu‘ mamun* described in fh*" find two 
laws of Kepler, then each plauid as it mtjvt's in if-; 'Mrldt ^rlll■■d, tie 
subject to a force which is dinTted toward itic *iti*| varies 
inversely as the square of the <liHtant't* betwia’^ii theni 

160. Universal Gravitation. I'‘rorn the above rcMilt XeAvfnii 
concluded that prohal)ly a,ll ma,sses. great and ^nialt. allia« I ea'cti 
other with a forc'e proportional to their masse^s and iiivrr>rl>" {irm- 
portional to the scimire of tlu* distance lielwt*™ lltfaic 

According to this law, the attractive^ ftirt'c lirlweeii aiiv two 
masses m and M. is cvpress(‘(l by tlu* ibrniuia 

where r is the distatice betwe(*n the centra's of llii* rin'csves if they 
are spherical^ d'he quantity (' is an ab.Miin!e iv/»irsiaiit li'ir all 
kinds of matter and (le|)ends only on the units in wiii'cfi forcin 
mass, and distance are measured. It is ■called I lie ynieiiaiiim 

* Accortiing to KinstdrC.s tbt’ory of rrhuivity thr e%m I Liw «if %-*if'ir^4 

J^hghtly froii) thin l)ut tlu* <lt*viatjojfi in so stuull fluif if «|tfrr‘4 it»a toivr l-si Cr I4l;cf'i 
account of in oniinary astronomical aikulations. 
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constanl and is equal to the force with which two unit masses 
attract each other when placed unit distance apart. 

161. Moon’s Motions Connected with Fall of Apple. Newton 
conceived that the weight of a body near the surface of the earth 
is due to this gravitation attraction between the earth and the 
body, and that an apple drops toward the earth in accordance 
with the same gravitation law which determines the motion of 
the moon in its orbit. 

To test this point let us, following Newton, find the accelera- 
tion which the apple would have if it were dropped toward the 
earth when as far off as the moon, and compare this acceleration 
wit h tliat which, the moon is known to have. 

According to the law of gravitation (§ 160), the earth attracts 
a body at its surface with JhiOO times the force that it would if 
the body were 60 times as far from its center, or at the distance 
of the moon. Gonsequently the acceleration toward the earth 
of a l;)ody at the distance of the moon should be of the ac- 
celcration of gravity at the earth’s surfaces. 

But the acceleration of the moon toward the earth may be 
comi)uted from the formula 

47r^ K 

a — ^ or a == ' (§ 114 and § 118) 


where R is the radius of its orbit (240, ()()() miles) in feet and T is 
its period of orl)ital revolution (27.322 days) in seconds. 
Substituting, we have 


^ 47r'^ X 240,000 X 5280 

( 2 ,:{ 0 (),{) 2 ())-”“ 

which is , ,77“ of 32.30 ft./scc.,*'^ 

3(h)0 


0.()()8974 ft./sec 




while the acceleration of gravity at the pole, where it is not 
affected by the cart,h’B rotation is 32.26 ft./sec.’^ The two re- 
sults therefore agree as exactly as could be expected with the 
data used. 

We conclude, then, that the motion of the moon and the fall 
of an apple or stone are both according to the same law of 
gravitation. 
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162. Determination of the Gravitation Constant. 1 n cirtc*r 
mine the cx)nstant of gravitatum the fom* ul Ini wren 

two known masses must actually he ineasiirinL 1 iir 
minuteness of this attraction l>etw<x‘n small u'u\r<^v> makes the 
exact determination of its value very diilieult. 

It was first accomplished l)y C'avendish in ITPS, u.aire; a. firm 
of apparatus indicated in .figure 79, 1hvn small -"fdnaii'al lialk 

m and were moi,Milr'd un ihr riak 
of a light <*n>ss bar witii h ■'-a.rs- 
pendctl liy a tine >ll\vr wire al its 
cciiter. i\vo hirgi* Npiiraivs;d lialtniif 
lea.d .1/ and .1/' weipjiirig Ids kiltC' 
grams a|)iec‘e were .■'a,i>|ttiidi'd our 
nc*a.r w and the otlin' nrar m* Imt 
on op{K>si(»‘ sidt*s so iliaf their ail fac- 
tions teiuled to turn fl'ie liar in llit? 
same directitm. I'Vt jirofiHi the 
jiemled I>a.r fnan Iwiiig distiirhei! !iy 
air curniits it was eiHirr^ly enclosed 
in a narrow box, its deflections being ohsi*rveti by a ttdeseojHi 
through a glass window. 

Having observed the defledion of tlie liar when I lie large 
masses were in the |)ositions shown, tlie micssisH were iiiowtl 
into the dotted positions where their attractions jirodiicta! a 
deflection of the bar in the t>ppt»site direction. fitene ob- 

servations, combined with a :measuremenl erf tlie fona* ria|uireil 
to turn the suspended bar through a, given angli% llir force of 
attraction between the masses was ddertitiried, 

In the year 1889 €. V. Boys, who hm! disfaiver'ed iho naitiirk- 
able elastic properties of fine quart/, hirers, devised an .n*p imfn- 
similar in principle to that of (hivtmdisln lint iinu'fi iiiort* ruin- 
pact, in which the small susjiendrd masses were liiiiig by a t|tiarl/ 
fiber so fine that larger deflections and greater acr m.u «if ineiis- 
urement were attained. 

According to Boys^ determination, C CLflfixfi X Ilf hi 
C. G. S. units. That is, the attraction between Hvo iincMses of 
one gram each concentrated at two imirits a c«*iiliiiieter iijMirt, 
or of two spherical masses of one gram eacli with ;t of 

one centimeter between centers, is d.ooccduo.utxkii clyiitc 
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Two kilogram masses 10 cms. between centers attract with a force of 
0.000666 dyne, or about seven ten-millionths of a gram weight. 

llie constant of gravitation has also been reckoned by esti- 
mating the mass contained in an isolated mountain and then 
measuring its deflecting effect on a plumb-line near its base. 

163. Mass of the Earth. When the gravitation constant is 
known the mass of the earth itself may readily be determined. 
For consider the earth as attracting a gram mass at its surface, 
fllic force of attraction is g dynes or approximately 980, and from 
the law of gravitation 


I'ake M — mass of the earth, F = 980, m = 1, r — radius of 
earth in centimeters, and C = 6.66 X 10 

All of these quantities arc known except M, which may be 
calculated. In this way the mean density of the earth is 
found to be 5.527, a result which is especially interesting a.s th'^" 
average density of the surface materials of the earth is only 
about 2.5. 

164. Mass of a Planet So also the mass may be found of any plane 
having a satellite whose distance and i)enod of orl)ital revolution about tin 
planet can be observed, t'or the attraction between the planet and satellite 
• fH F[ 

is expressed by C, wliile the centripetal force in case of a satellite of 

mass ni and period T and moving in a circle of radius r, is r, and 
since it is the attraction which holds the siitellite in its orbit we have 

mM 


In the equation the mass of the satellite m cancels, and as all the other 
quantities except M are known, the mass of the planet may be computed. 

166. Significance of Kepler^ s Third Law. Let M represent the mass of 
the sun, E the mass of the earth, r the mean distance between them, and 7" 
the p(‘rii)d of the earth’s revolution about the sun. Then, as in the last 
paragraph 

ME 4rmr MC 

C « 2^- or — • 


( 1 ) 
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So also if y is tho mass of some olhor jtlanol, .n, !i a, ja; ■!. a, ,in.i si ? . .iti.! 
7'i represeul its ilisttuu'o I'roin tlu‘ sim ami patio.! i.j ti i..iu!)oii in si ..ti.ii, 
respectively, "'c have 

.!/./( ■ ■l7r''./fi l/t' 

Of , , 

rr ^ i ' ^ 

Jf the constant of ^Tavitatitin i ' luis tlic sana* valnr iti ^ m! jitr -.im an*! 
earth as it has in case of the s\in aiui Jupiter, thru 

r /',* 

which is i)recisel\’ what Kepha'V third law a'-'4at’* lir ffttr* UOf toitlifeal 
the sohir system. It is ctajchiddl. tlierrlnir. iha! f!:<r 
constant lu)l<ls (everywhere tlinn^'hout tite 
througlunil the material universe. 

166. Variation of Gravity on Earth. 11it* lor«e 1*1 yt.niiv is 
not the stune everyvvht‘re on tin* eartitV suil'.u c, riirie' atr’ liirrr 
circumstances wtiich deterniine this variatioin natiiclv, the tact 

tliat the is nol a if;- ruta. 

tioin iiml tht* hcii!!tl alrovr- ".ra IcviJ of 
the given staliun, 

'i'lu* earth is ap|*royiiiiafch; ati olilale 
sphentiii iutving it** le^lar laditi-. Irs,x 

tt'Uin its e^piat^s'Io! hv' fd iiiilrs or 
21.2 kilometers ami in MMras|iii’inf^ of 
this the value id y at lii«’ |:»idr'x 1% 

gn^ater than at llir l*y I il 

cnn/.sec.'k tlur to this lamu'' alone,, lliil 
there is amdlicT firriiiii,si,aiii r whicti 

still further reducc's tlie value of i* at the equator, 11ir mlulhui 
of the carih affects botli the direction ami aiiioiinl of itir ai cc'lrta' 
lion y. For the resiilta,nt attraction Fof the eaiili on *1 gram nf 
m, alter situated at A (!''ig. HOi is i!irt‘Cte«i toward ilir ciiiir-r if 
but this resultant attraction serves both to su|ijiiy tlir i, riiiri}'irfaf 
force /, which holds the mass on the earth as it ndalrn, aaid ;ilm 
the .force which we call its weight which gives if artr-lcralpui if 
when dropped, llie ceiitrijKdal aceeleriition ; in dircilnl |',*er'' 

pendicular to the ixdar axis and is ecjttal if.i ' J r. ivlirrr 7'^ is. 

the period of rotation of the earth ajul r is the dblitiur AB. 


Pole 
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'riic (iislaiuT AB — R cos I where R is the radius of the earth 
and I the latitude of /I. Evidently then, /is a maximum at the 
e(|uator and has zero value at the poles. Since F is the resultant 
of / and and is directed toward the center of the earth, it is 
clear Irom the diagram that g cannot be directed toward the 
earth’s center except at the jxdes or equator. The direction of 
g is the' direction in which a ])lumb-line will hang or a body will 
fall at .'I. Also a liquid surface, as the surface of the ocean, 
tnust be at. right, angles to g (see § 179). 

.'\t latitude the i)lumb-line points away from the center 
of the earth about 6.9 miles. 

At lh(“ eejuator the centrifugal force of a mass of one gram is 
d.Hf) dyiu‘s. Hence the acceleration of gravity is less at the 
e(|uator than at tlie poles by tl.lU) cm./sec." on this score alone. 

d’he height of a i)lace above sea level also affects the value of 
g, as it must diminish with the increase in distance from the 
centt'r of the earth. If h represeirts the height in centimeters or 
in feet, the corresponding change in g is (O.OOOOO.'l)//. 

'I'hough on account of the irregular .shape and distribution of 
the earth’s mass the exact value of g at any place can be deter- 
mined only l)y pendulum experiments, an ajipro.ximate value 
may be calculated for any place on earth by the following for- 
mula <lue to C'lairaut: 

g - 9S().()()r)(i - 2.r)()2K cos 2X - ().000()()2/n 

where X re[)rescnts the latitude of the place and h its height 
above sixi lev<'l. 


soMi'i v.MdiKS OK c; AT ,sk:a i.kvkl 


f’leV'K 


FT./shU'.s 

Flack 



Pole 

\m, 1 

22.25 

New York 

980 . 2 

22.1,6 

Limdtin 

981.2 

22. 19 

Washington . . . . ' 

980.0 

22.15 

Farm. 

980. 9 

22. 18 

K(|uator 

978.1 

22.09 




MECHANK'S OF 1 JOE! OS \\I> (.\S!:s 
PART 1. FLUIDS AT REST 

I’RKSSl'UK IN LK.triDS WD ( 1 A M > 

167 . Fluids. Ortain suhstuiKH-H, sufii a', ail , w.iti r s'Ku rin. 
etc., are characterised by great multilil v. s h.iiieii!}* sla ir di.iitei, 
And ilowing under the smallest forces. 'Iliey arc kincAii 

Fluids are divided into two classes, !ji|uid'- and sm r < 

Liquids change but slightly in volume when ■ iib ic jo 
great pre.ssure and may have a fia-e surface. 

dascs arc far more comiu’e>--.ibIe than Ii*{uid'< .md till I'.irt-i 
of the containing vatssel. Water is a type of liquid, .nid .rir uf g.j ,, 

168 . Density. The muss of any siihshnur ituiiuiurd in uni! 
•volume is knoii'n as its dotsily. In tin* O. S, sy 'tern of tusils 
density is e.Npressed in grams per cubic cenlinmter. while in she 
foot-pound-second system it is evpic: .d in jtound'. per cubit: 
foot. 

Thus the density of water is I.O on the lirsf system, while if 
is 62.5 on the latter system. 

A table showing the densities of some .‘-ubstam will be found 
on page 158. 

169 . Viscosity. Fluids differ greatly in lu’d ili' , If a dish 
of water is tilted, the flow is so rapid that it gives, rise wavvs 
that surge to and fro, while In case of glycerin or sy rup I In- flow 
is slow and the liquid only gradually .se!lh‘s to the new h'vel, 
This difference in mobility is due to tistosity tu’ infernal friction 
(§ 264). Substances like pitch or tar are very visr ruis, %vhi!e 
water, alcohol, and ether are but slightly st». 

A perfect fluid is one that has no vi-.co ify ami k an idea!. Alt 
known fluids, even gases, have somt? viscosity. 

170 . Force in Fluid at Rest. T/w force, exerkd hy *t duul ul 
rest against any surface is pcrpendhular to that surhue. « ft her 
wise, owing to the mobility of the fluiri, thrw niusi take |*la»e 
a-long the surface, which of course cannot !«• in a tic}uid at rest. 

This lais) is true of alljluids, even those which art; very vbt tuis, 
after they have settled into equilibrium. 

iiS 
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171. Pressure. Let a very small flat surface be imagined at 
some point in a fluid. The fluid on one side of that surface 
exerts a force perpendicular to the surface against the fluid on 
the opposite side. This force is proportional to the surface, and 
the force per unit surface is called the pressure. 

In C. CL S. units prcwssure is measured in dynes per square 
centimeter; it may also be measured in grams per square centi- 
nuiter, pounds per square inch, etc. 

172. Hydrostatic Pressure. At any point in a Jluid at rest the 
pressure is the same in every direction. This is a direct conse- 
(luence of the mol)ility of fluids, for a little sphere of liquid at 
the given point could not be in equilibrium if the pressure 
against its surface were not the same in every direction. 

173. Pressures on Same Level. In a liquid at rest the pressure 
is the same at all points on the same level. For a horizontal 
cylimlrical column of liquid 
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reaching from A to B is in ■'■■-..■■,’7 i i '-- ,i . 'i '■ 

eciuilil)riiim under the pressure : '"'a pi— i — jff 
of the surrounding liquid, d'he . :1p-C.„p„ “ 

pressure against its sides is per- ■■■■:»;... 

pendicular to the line yl /^, and - 
therefore has no influence to 

move the column toward yl or B. And since it is level it has 
no tendency to slide toward A or B by reason of its weight. 
The force against the end at A must therefore be balanced by 
the force against the end at B. These forces are due to the pres- 
sures at A and ii, and since the ends have equal areas the pres- 
sure at A must be equal to the pressure at B. 

174, Pressures at Different Depths. The difference in pres- 
sure beMvecn two points at di fferent levels in a mass of fluid at rest 
under gravity is equal to the weight of a column of the fluid of unit 
cross section reaching vertically from one level to the other. For a 
vertical cylindrical column of the fluid of unit cross section 
reaching from B to C is in equilibrium under the pressure of the 
surrounding fluid. The pressure against the sides of the vertical 
column is horizontal and has no power to support its weight, 
consequently the upward force at C must balance the weight of 
the column in addition to the downward force at B. Hence, 
since the force against the end of a unit column is equal to the 
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pressure,^ the pressun* at (' is .urratfr iiam thv At H |iy 

the weiglil of the eoluinn of Haiti tif uiht ero".'''. 
from B to i\ 

If h is the luni^ht of the etihimn In t'entiini'lers rta*! r. ft'T «tf mif 

cubic ccutirneler (}f the lluiti lu grams, thru o/ f!te vineex * ‘i ih.*- »* 4 iaun 
and is thus the dilTerence in presMire hetuerfi H and t ui }A.au 

dluMlitl'ereiU'e in prt' ^ anr r\ jc. -i m 

s<r can in /a/s; \\here a %■, flir a,»< !. rlr? 4^ i, ,;i 
XU’avity in cun r'i'c.'-' I'ltr nd.d .rar- ,»,! 4 
pnini h cc'iil iinetcr ■. ftr’lnv. flu' .'Ah.nr ti'afrturr 

as hilhuv .; 

PreNsurt' iit * ni - f / 

sure t>n ?au'hu'«' in \n-^ '.n * ni 

Pressure in inu' so " ’e • s f., .■ |,rri 

sur<' <»u surf.n e in ^/dcs lua s j » e,i 

tfft' tLS ii* I ml'"-. In f ai» OiC'.vu*' l*v 
the use nf fhi^ tnrinuta /s/. if nni'.f Is- sr-i'sissilrml 
that if the {>res;ane i-- !■»* hr hmivi u« pMeessl, per 
M|Uare inch, flam /? uniA hr' rcpn-ssrd ru :n» Itr^ 
and 1/ is tin* weight * 4 ' muc » nvi !i r«f i|»4 
litfuid ill pounds. 'The student is inivh.ed, ln‘wrwn\ Im dn^s rp. tlr 

weigtit of a eulumn of ilie suhalatiu* <4' unit, ci'm^-. -icafjrjji h5?!ss-;S llutilr' 
ing of any fornuda. 

In gases tlie density is so small tluit the |Ue:'.:'aii'e aa* ihallv 
thc^ saint* t*ver\’\vherc' throughout a vaHiiine 

PascaPs Principle, /^rrssiirr is ir^tinmilk4 ri^u-BJy ut 4ii fijfrc-^ 
iiom (hrouyjioid u muss of jluid at rrsh or if far frr of owy 
point IS iniTVtistd^ it is tmtoiistd f B r- fio" fiuid 

ntem by the samr amount, 

175. Hydraulic or Hydrostatic Pres^, An' ■ ‘ , ‘ riiialiair* 
ical deviai known as the hAdiAuUi prrss Is ;% genwf illncir.if loii tif 
the a{)pli(‘a,tion of the laws of Iluirl prrr.surte It w.g'i lar'-d eoie' 
structed' Iiy Pfamali in I Tilth am! is ,sinnetiiiif*f=! kimwri an Ufa- 
mahhs fxress. 

^It consists of a strong cylinder in which wt»rL% a eylirnlrk’al 
j.)istoii or ram t>f larger diameter. A i'ollaf ftf 'ihled h'attier nr 
copper surroimds the piston in siu'h a %%*iiy lliat the grtoiirr i|ii» 
pressure of the liquid filling the eylimlr*r/llir iiiorr rhmly dtm 
the collar fit the {lisioii. By means id a small jtiiitiic, *iil nr wnter 
IS forced into the large cylimler. a chei/k -valve d! ■■■..: its 

return. In consequence of the law of pressure jutd. -eiiiiiiiiatecli 
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whatever pressure is communicated to the liquid by the pump 
will be exerted everywhere equally against the walls of the con- 
taining cylinders. So that if the large piston has 100 times the 
area of the other it will exert a force 100 times as great as that 
ai)plied to the pump piston. 

Hydraulic jacks act on this principle: they contain a reser- 
voir ol oil which, may be pumped into the main cylinder, thus 
forcing up the ram; opening a ^ 

small sto|)cock permits the flow 
of oil back to the reservoir. Oil ||||| * 

is used as it keeps the machine I f W 

lubricated aud docs not freeze. I 

n is to l)e ol)served that when I ‘- | t ||||||h||||||| 

the liciuid in the hydraulic press W Ip 

is incompressildc as much work |j|j ■''jJ 11111^1 

is done l)y the large piston as is I i|! || i Ij [pi 

expended upon the smaller one. I [|||| V! T p 

176. Pressure Independent |||| ^ 

of Shape of Vessel. It has been f 
shown that the pressure at any 

point in a liquid under gravity j . j" 

depends only on the depth of the , 

point f)clow tlie surface, on the 

density of the liquid, and on the pressure on its surface. 

The total force exerted against the bottom of a vessel by the 
pressure of the liquid which it contains is the product of the 
pressure a.i thc‘ bottom 1)y its area, and may therefore be very 
(liiTerent from the actual weight of liquid which the vessel con- 
tains; aiul when a vessel is micd with water to a given height the 
force against its bottom is the same whether the upper part of 
Hie vessel is flaring, cylindrical, or narrow. The reasonableness 
of this result will lie evident from the following considerations. 


In the case of the vessel with flaring sides we may think of a 
cylindrical column resting on the bottom and pressed upon by 
the surrounding water as shown in the figure (Fig. 84). This 
pressure is necessarily perpendicular to the surface of the cylin- 
drical column and, therefore, can have no effect in either support- 
ing it or jirctssing it down. Ihe whole weight of the cylindrical 
column is, therefore, supported by the bottom plate. In case of 
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the vessel which is narrow at tlu* tlu* liquid a drnvn 

ward force on the l:K)ttom grviiii^r than it- tin* 

sides of the vessel press tiu^ lit iuuhluwu, ju>t a;, a iiiaji in ;t 

I t I 



Ido. K4 i a.., ■'^.1 

may brace himself against tlie top am! prr'v- anaimU ilir twai«*iri 
with a force far grealta* ifnin his own wvigljt, 

This fact that the force exi‘rled tlm bolitmi oi a vr-v hkiv 
be greater than the weight of all tin,* lii|tud in tin' vr-H-.r! !4n;ii 
called the hydnhstailc [ntradtKW 

Pascal succeeded in l)ursting a strong ia‘4% bv* ilrr' pif''-v.siirr 
produced by a column of waler in a mrtrn\ ■in It. higln 

Lipeu) Heto’ ,\er.s 

177, Free Surface of a Liquid, When a iie|iiii! h al rrHt nr in 

eciuilibrium Ihe jorev which a surjiuc fHirliclc rjrrf-i l/w 

adjoin ini!i lu]uid must be jHrpendii uiar in Ikr Jrrr iinii 

pointy otherwise the partiih* would tm^vr along ttu" '.iirl.ier. 
This force depends upon gravity, on the iilirm lion of Ichh-ii 
ing pa.rti(‘les, and on the atmo-plirii, pro'uirr tli*.’* 'r4i.riii’:in 
and also upon any acceleration whidt the parlirle iiiay iiuvio 

178, Level Sttrface, When a li<|Uiil is at rest nri ihr isiriln all 
parts of the surface which are no! too near the ivalh- of roii* 
taining vessel are at right angles to the tlirniion of gravity or tci 
the direction in which a pliunbdiric jMiiiilH, Siicli a 'a,irf;if;r m 
called leeeL A level surface is riot a iini siirfaciv tun iiiC'% l!ir 
same curvature as the earth. In a {;H$nd ! tiiilr in iliatmier llir 
center is 2 in. higher than a plane i>assiiig ltiro«g!i ifit* rdgctv 

The force is not necessarily the same at all of ii ltn.*cl 

surface. This is well illustrated in mm of the eitrilq hir tlsc 
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Fig. 86. Surface of 
rotating liquid 


force of gravity at sea level near the poles is decidedly greater 
than at the equator. 

179. Surface of a Rotating Liquid. When a vessel containing 
a liquid is rotated by a whii‘ling machine, the liquid by virtue of 
its viscosity soon comes into equilib- 
rium,*^' and turns at the same rate as 
the vessel. If the speed is slow the 
upper surface of the liquid is slightly 
concave, at greater speed it will become 
d(‘cply hollowed, but it always has the 
lorm. of a |)araboloid of revolution. 

Here a little mass m exerts against the 
adjoining liquid a downward force mg 
(liu‘ to gravity, and an outward centrif- 
ugal force t eciual to wcoV. Tho com- 
poiU‘nts q due to gravity (Fig. 86) are 
the same at all points of the surface, 
while llie centrifugal components h, h increase in proportion 
to the distance of the particle from the axis of rotation. The re- 
sultant forces iHj Lh, a;{ will therefore be differently inclined, and 

the surface must be of such a curve as 
to be at right angles to them. It will 
be noted that the resultant force is 
greater at points higher up on the sur- 
face, so that a surface particle near 
the top presses against the surrounding 
liquid with far more force than it would 
if at the bottom of the curve. 

The oblate form of the earth is 
similarly cxi)lained. A unit mass at the earth^s surface exerts a 
downward force a toward the center of the earth due to attrac- 
tion, and also a centrifugal force c due to rotation (Fig. 87). The 
latter com|K)ncnt is zero at the poles and reaches a maximum at 
the eciuator and is always at right angles to the polar axis. The 
resultant downward force g is, therefore, directed exactly toward 

* That is, it m in equilibrium considered as a whole, though the individual 
particles move in circles and are therefore accelerated. 

t The pressure of the adjoining parts against any little liquid mass supplies the 
cenMpeial force urging it toward the axis as it rotates. Its outward reaction against 
that pressure is the centrifugal force. 
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the center only at the |H)les and at tlu‘ in{natnr. an*! tin* -jiriare 
of the ocean when calm must Ik* ev<‘ry\vhefv |ier|»‘mHui!;ir tn il 

180. Surface in Connected Vessels. In a e<mi iiuiuus rua,.... nf 
one kind of liqui<l all points on the same levt-l inii: ;t! flu* 

same pressure, even though tlnw ma\ In* in 'si’paraJe ta imlas 
of tlie ('ontainiuK vi*ssel. ‘I’hn-. fin* vi r'e af /I 



(Mg. HS) is llu‘ sanii* as al !>', am! iha.l ii i: ' i> 
tile same as at ( ’h it is clear tliai ihr n « 
air is under gn‘ater pre>sure than lliai mI ihi* 
atmosphere* at .1. 

When t'omimmi<’ating parts eu’ a uf 

liquid art‘opt‘n to tin* air the tn^v Molai *'">■. nneo 
lie all on the sauu* U'Vel lnn'am‘e all .cr</ a! the 


Fig, 8S same pressure. 

181. Case of Two Liquids. It a Ihuii tnln* 
containing mercury, a,s shown in tin* I'iguris hiive* ^4l|lle other 
liquid, as water or oil, |)<mred into tin* hmger ajirt, flu* : * va-, 
will be pressed down on that side ami raised on the uflin, simt* 
all below A is one continuous lie|ui<l, lire 
pressure at A must lu* the sanu* as at .T on 
the same level, hence the column of mer 
cury BA^ must produce tlu* .sanu* i>ressuri* as 
the column of licpiid (VI. 

Letting // and //' repn'senl tin* heiglifs of 
the two columns of Ii(|uid and d and f/^ tlirir i 
densities, then, since tlu‘ pressuia- of the txvit 
columns must lx* ec|ual, 

M - 

182. SpiritdeveL T'he ordinary spirit 
level consists of a glass tulx* hermetically 
sealed, nearly iillcd witli aleohol or (ilier, a 

bubl)Ie of air or vajior fieiiig Irlt. 11ir 
A ’ 1 tube is bent slightly, forming ifir arc of 
Fig. 90. Spirit -level dn k\ ami the Imlibir always 

r(\stH in ec|uilil>riimi at the liiglir>4 poiiit, 
A level is said to be ,vf/nv///Vr when a smalt iiicliiialioii will 
cause a large motion of the bul)ble. In a seiisitic^e flie 

curvature of the tube is very slight, and the Imhhk is iitiiiuHy 
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large, otherwise it would be sluggish in its movements. For 
tine levels the tube is carefully ground on the inside so as to have 
a uniform, curvature. 

PROBLEMS 

1. t'ind the pressure 3.50 meters below the surface in a pond of water; 
in grains per sq. cm. and in dynes per sq. cm. 

2. I'in<l the pressure in iiounds i^er sq. in. 30 ft. below the surface of a 
jxmd, taking the weight of 1 cu. ft. of water as 62.5 lbs. 

3. A piston 1 ft, in diameter carries a weight which together with that 
of Ihe piston amounts to 201) lbs. How high a column of water will be 
required to produce enough ()rcssure under the piston to support the weight? 

4. What is the pressure I mile below the surface of the ocean, in pounds 
jH‘r sq. in,, taking the relative density of sea waiter as 1.03? 

5. himl the difference between the pressure at the bottom of a vessel 
75 ems. dee|) filled with waiter, and the pressure when the vessel is full of 
mercury. Density of mercury - 13.6. 

6. A Jar has a. square cross section 5 cms. each way and is 30 cms. deep. 
It is half full of mercury and half full of water; find the pressure halfway 
down and also at the bottom, also the total force due to pressure against 
the bottom, 

7. I<'ind the total force against one side due to pressure in the preceding 
problem. 

8. If a. eubica.1 tank 4 ft. each way is level full of water, find the pressure 
in {KHinds per sq, in. on l>t)ltoni. Also the total force against one side in 
lbs. weight. 

9. Oil density 0.7 is poured into one branch of a U-tube which con- 
tains enough menairy to keep the bend full. When the column of oil is 39 
(*m. high, how' much liighcr will it .stand than the mercury in the other 
braneli? 

10. Wlum tlie atmospheric, pressure is just 1,000,000 dynes per sq. cm,., 
liow far below the surface of a pond of water will the total pressure be just 
twice us nnieh as a.t the surface? 

11. In a, pail of water spinning about a vertical axis through its center 
the Htirfa(a‘ of llte water is hollow'ed so that at a point 10 cms. from the 
axi.s the surface is inclined 45®. Mnd the number of revolutions per sec. 
winch tlie pail is nuiking. 

litTOYANCY AND FLOATING BODIES 

183* Buoyant Force of a Fluid. Suppose that a mass of wood 
or iron is immersed in a licjuid and it is required to find the force 
exerted upon it by the surrounding liquid. Imagine the given 
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sWbstancc removed jind its plan* till(*<! In' tfir lif|!iid, ami mu. 
ccivc of tins portion as sepa.rated fmm live ■ 0:;-. 
by an imaginary surfac'c of tin* .saiiu* rdtafir ;t-. fht- uriaiiiai 
body. The liquid is in e(|uilil)rium. and sinn* flir* in.i-s rm lr>anl 
V in the surfan* J />’( ‘ is urge«i dmvn by tf tmn 

j . weight, this \vt*ight uiun! Ih" e\aul\ halamni 

. ^ , by tile fona* dm* (i) tlu* prr-Mir<^ uf ila' .yr 

I rounding Ii(|uid on the surhiet- A !k \ I Irma* 

-■X,, resultaut forn* dm* fo prr>'^^urr' rm flit' stir- 

- — -J face is an upward foret* rs|ua! am! i!!- in 

Fxc. 91 the w(*ight of tlu* em'ltmeii mass uf and 

since the wholt* weiglil of ilir ntr I j i.-r'd' mass 
acts down through its centt‘r of gra.vity (i the iriil^-r /^Cfooirc 
must also lui at the sanu* point. 

Now, neither tlu* amount nor direction of llu* uill lir 

changed at any point of the surface A Hi * if it is, iMh^d with 'wom! 
or iron instead of the liquid. d''h(‘r<‘fore ;'c//m #1/1 v idvVv / \i inAh: 
or partially immermi in a liquid it is huayni up hv'n rquai 
to Ike iveight of the displacrd liquid, and Hu* trnirr el prr.sMsr, is 
where the center of /^rue/Vy 0/ the .sulnnrntrd 
portion would be if it were homogeneous. 

There is nothing in tlu* above nniHoniiig 
which restricts this conclusion to liquids, it 
may therefore I:)e stated a,s a g(*nera! law of 
fluids and is known as Archimedes^ princi pie, 
from its discoverer. 

184 . Experimental Illustration. A Imiss 
cylinder which exactly fds into and tills a rii|i 
is suspended tog't*lher with tlu* '(uip trmri one* 
pan of a balance and exactly c(Hinterp<ji:-4*d tiy 
weights. A vessel of wati‘r is raised 'under 
the cyhnder until it is quite inimersed. mui 
the weights will now greatly overI)alanrt* the 

cup and cylinder; but if t'he cup is just iillcd with wnirr ihr 
balance is restored. 



186 . Buoyancy at Great Depths. Sincf ln«»ym»t f.mc di- 
pends on the weight of the Iiri«i<l displami and not .iirertlv «»n 
the ]H-essure, it make.s no difference whether the b, 

IS 1 m. or 100 ft. below the .surface of the Hqnii! exccjd for the 
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compression due to increased pressure. If the immersed body is 
more compressible than the surrounding liquid it will displace 
less liquid where the pressure is great than at the surface and so 
will be less buoyed up at great depths. If it is less compressible 
than the liquid, it will be more buoyed up at great depths than 
when near the surface. 

The heavy iron shot used in deep sea soundings is buoyed up 
slightly more at great depths than at the surface because water 
is more com|)ressiI)le than iron. 

186. Cartesian Diver. The Cartesian diver is a small bulb 
of glass open at the bottom and containing just enough air to 
cause it to lloat in a jar full of water. A sheet of 
rul)l)er is tied firmly over the mouth of the jar, and 
by pressing on the rubber the pressure in the liquid 
is increased and the air in the bulb compressed 
into smaller volume. The bulb with the contained 
air may thus be made to displace less than its own 
weight of waiter and will then sink to the bottom, 
but rises again when the pressure is relieved and the 
air exj)ands. 

187. Equilibrium of Floating Bodies. A floating 
body may be considered as acted on by two forces: 
its owm weiglit, acting down through its center or 
gravity and a buoyajit force ec|ual to the weight of j Fig. 93 
the ilisplai'i'd li(|uid acting up through the center 

of pressure. It can l)e in eciuilibrium only when these two forces 
are eqiuxl and opposite. The conditions for eciuilibrium may 
then be thus stated: 

liAf 


Fig. 1)4 Fig, 95 

1. 7^ he weight of the displaced liquid must he equal to the weight 
of the floating body. 

2, 71te center of gravity of the floating body must be in the same 
vertical line as the center of pressure. 
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The displacement <>i‘ a., sliip is tin* \v(‘ipju walcr whi^ li if t!is. 


qtiijC' 


"■•I 

1 If 


places, and is therelure the total wei.alit ot iIh' di!| 
meat. 

188. Stability of Equilibrium. If. uhoii ,i ilMjfiiia h-se,\ s: 
inclined from its posilitm of e<{uililniiiin. tlie uuipfr a- ul!nie f! i* 

\v<‘ight and tiu* huiu'.uit ♦*! flir 

to (urn it hack into it--. Midufiol I'M .do'n 
ibriuni is said to ho lun'eo n| 

('outer of -enl /’ I hr ♦oaUcr mI p’r 

floatiiH^ hltnix. When i? i- li|'prd 
plaoeil to one sitlo in '-.ncli .« flu! flsr 
a('ti(in (d the htn'os thnnifdt a!id i' nao 
the body in tin* direction of ilu- ,oror,», . h it 

hack into its origiind slat*' oi r/do* h fi 

therefore .vA//V<‘. In ligun* or) is shou'U a s(at<‘r»f {“»{thlii‘nuni c,;, |j t'ctf 'it.hiii 
the body is slightly (lispl'ictHl du' ctnijdt* avts to iia ira'-r fhr er.,| !,h riio'jjf 
and to turn the body away from its origiiud po,siii«m fn lid:, i .c.r- tltr 
(‘(luilihriuin is {uisiabic. 

A lloating liornogt?neous st>here may he furitod in an*. 'W-ci. upI ilir 
center of pressure P will always he dins'tly utjd(’r' fho iruf* i oi yj.i if-!, , .md 
the equilibrium w’ill remain undisturbed, ffeu' ifn- oqudifiMum ? 
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189. Specific Gravity, d'he ridativt* fiouritv of a 
compared with sonu' standard substance is kiiinvn ; 


sub'-d«\tiii r a, ‘4 
if ypf'ocrs’ 
« n m ' d w,rf li water 


.1- 


i 

i 

^c: 


\ 
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graviiy. Solids and licpiids an* usually 
a standard, while gast's are uftmf re 
ferred to uir or hydroj'on. 

The specihe graviiy of a substance 
referred to water is founcl l.)y divitiing 
the weight of the givmi substance I)y 
the weight of an equal vc^lumeof pure 
water at the bmijxu’alure t>f 'f" i\ 

The spcdlic gravity of a sulistancu 
is a ralio and is thtmtdore the su,inn 
whatever system of units is t‘niph»y<'<l. 

Since 1 c.c of pure water at 4" i\ 
has a mass of 1 gram, the density of a sitl.istarii:t» in ja*r 

cubic centimeter is eriual to its si>eeiiie gravity relVrri'd hi water., 
190, Specific Gravities by Balance. "i1ie siibslaiicr, «il wtiicfi 
the specific gravity is to be determiue«b is siiHtirinied !.yy a iiiir 
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liber from one arm of a balance and weighed, first in air and then 
when immersed in water. The second weighing will be less than 
the first by the weight of the water displaced by the substance. 
I he diiference between the two weighings will then give the 
weight of a mass of water of the same volume as the substance, 
and therefore if the weight in air is divided by the difference 
lietween the weights in air and water the specific gravity is 
obtained. 

^ 191, Mohr’s Balance. A convenient balance for determining the spe- 
( ific ^lavity of licjuids is that shown in figure 98. A glass bulb weighted 
so as to sink in liquids is hung from one arm of a balance and exactly counter- 




-Fig. 99 


|)oised t)y tlie weight P on the other arm. The glass bulb is hung in the 
licjuid to be examined and the buoyant force of the liquid balanced by riders 
hung on the balance arm. From the weight and position of the riders the 
siiecihc gravity of the liquid i.s obtained directly without calculation; for 
tlie sevcvral riders are so adjusted that each has onc-tenth the weight of the 
next largcir, and the position of each on the balance arm gives the figure for 
the corn^sponding decimal place in the result. 


192, Hydrometers of Constant Weight. These instruments 
are usually made of glass and consist of a rather long light bulb 
having a slender stem above and a weighted bulb below so that 
the instrument floats in a vertical position in the liquid whose 
density is to be determined. By means of a scale on the stem 
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the spcdllc gravity tht‘ liquitl may la* rra*! iliirTtly H'mih ihi* 
point on the scale to whit'h tlu* insfrumml >ifik ». 

In such a case the weight of the whoh« liydunnvti'r riiu.,,! 
equal to the weight of th<* uisphu'c-*! liqui*!, ^o tliat if ; i- ilt|* 
vplumc of the hyt!ronu‘ter billow the mark wliiili it -aiiks in 
a given liquid and'if d is the weigltt ot unit v»du!iu* «u. tlir 
then IF »•- vd where IF is the wtaght «>l tin* 1". d*,.: ,, c 

The s|)ecilic gravity scah‘ of a hydrometer i‘* not .1 -eah,* nf 
equal parts, correspondirig divisums being, taJifier eqeirt .if the 
upper end of the stem than at tlu* lower. ' 1 '!ie -.1 aJe is 

an arl:)itrary scale of ecfual parts in which hy dreiiifaei:/-. ar«* *>tieri 
graduated. 

]'Iydr()meiers an‘ made* for li(|uids Hghler titan wafer and abo 
for liciuids heavier than water. 

If the stem of a hydrometer is shatiler a wiih, ||h. 

volume of the immersed gtortion of tin* inslniriieiiiy it will Ite 
sensitive and asma.ll changte in density ■w.ill I'iiii'He a large 
cl\ange in its immersion. 

I 193. Specific-gravity Bottle. \\'"hefi thr •qiedtir 

I gravity of a powd<*re<l sulrslance is to hi* ehierinined, 
the spiH'itle-gntvity h<q.tlt* tnay tie nseih dli'iH is a wiiall 
// \ having a earefully gromnl fnlmiar ? 4 op|Ma'. "The 

ff j)owder to he i*xf)erimented ujwm,, af'tf-r h*dng < d. 

is j>ui into the tlask whii'h is then tilled wifli wafer up 
Fio. too certain mark on the stoppm*. T'he weiglii 1*1 llie 
whole is then <!et(‘rniined am! alsia tin-' wreighf oi the 
flask when filled with pun* water alone up to Itie sarrif; rinirk. 
From, these three w<*i;diing:s the wdght of waier disjii,tre*i !iy 
the powder may be determinref and so ifssjnn'ilic gravity itiay tie 
obtained. If the powtler is soluble in w*ater some litjiiid in wiiieli 
it is insoluble must be used. 

PBOBLIMS 

1. A piece of metal 'weighs :UH) gms. in air ami i!iin. in 
is its volume, specific gravity, tmd density? 

2. A certain block of wikkI has a %adume of HO e.r . arid gravity riH. 

Find the volume and weight of wittt*r which it will di^^plair wlirfi ileiiiifig, 

3. A certain body wcfighs 240 gms. in air, IIKI giim, in water, and I 'III nifer 
in another liquid. Find the s|>i*cifie gravity of tlie bmly ami dm,i of tlii! 
second liquid. 
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4. A block of wood floats in water with f of its volume above the surface. 
What is its density? 

6. A block of wood floats in water with }■ of its volume above the surface, 
but when floating in. oil | of its volume is submerged. Find the specific 
gravity of the wood and of the oil. 

6, A i)iece of metal weighs 16 gms. in air and 14 gms. in water. Another 
substance B weighs 8 gms. in air, and the two when fastened together 
w'eigh 2 gms. in water. Find the specific gravity of each. 

7. A sinker weighing 38 gms. is fastened to a cork weighing 10 gms. and 
llie two together are in equilibrium when immersed in water. Find the 
s[KX'.ilic gravity of the sinker if that of the cork is 0.25. 

8. 1110 stem of a hydrometer is graduated upward from 0 to 100 in 
ergud parts, and the volume of the instrument below the zero of the scale is 
llirec times that of the graduated stem. When placed in water it sinks to 
the 20-mark, find the density of a liquid in which it sinks to the 80-mark, 
also of a liquid in whicli it sinks to the O-point. 

9, A mass of 80 gmn, having a density 8, balances a mass of 140 gmi. 
when both are suspended in water from the arms of a balance. Find the 
density of the larger mass. 


Gahks and Atmospheric Pressure and Buoyancy 

194. Gases. The second great division of fluids is that of 
('oinpressiblc fluids or gases. Those mechanical properties of 
liquids which iire due simply to their fluidity are also possessed 
l)y gases. The comprcssiliility of gases, however, is so great that 
their changes of density due to variations in pressure cannot be 
neglected. 

195. Density of Gases, Gases possess weight as is shown by 
the following experinumt. Pump the air out of a globe of glass 
or of metal until it is well exhausted, suspend it from one pan 
of a balance and weigh it. Now open the stopcock in the globe, 
admitting air, and when it is full weigh it again. The difference 
between the two weights is the weight of the globe full of air. 
At tc*mpc‘ra.(;iir(j 0® C. and when the barometric pressure is 76 
cms., a cubic foot of dry air weighs about "|^ lb. or a cubic liter 
L 293 gms. 

A room 30 ft. long, 30 ft. wide, and 10 ft. high contains under 
ordinary conditions about 700 lbs. of air. 



LIOUIDS .\Nl> CASl'.S 


The followin'- tabU' Kive.-; llu- .Icnsilif^ ..l' SMtno fair 
at 0" t'. and a ])ressure of Tfi.O cms. ol iiuti urv. 
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196. Torricelli’s Experiment. Hie iir.-l m \hv 

pressure oC the utnios[)lu‘rt!: rna<h‘ in Ifibt l»\ a 

pupil td' t ialiiru. 

|;i It wab^kfimvii lli.tf 

raiMHl ilaiii .'U it. 

r\. fiy a MHfitHi |«iMip TuniM/'i!i 

I m iH’Iievi’el that Itii"'’ wii'- l»r'i aii've 

/||::::;|- \ water was rai^'T-*! itj '.u» h a piitiip 

^ Ity tht* |>rt’'a‘4irr hI I hr 

I'dirre. lie iTUtrUalr's! fleit 4'd 
I liuaa'ury w;!'- I iMi I iliir"'- a ♦lrri,.r 

a?> water the r.f f!r « pla'''e '.lirr 

vvtniltl he aide In *aijfpr»rt a 
caihuniint »-.• f! tiles 

as hiplt. nr ahiutf dll in, in 
amt tn te^-.f it IfirtI lire l« i||» -iw iny^ 

A tuin* iiearlv M 11 atif/l 

B elnsiai at niii* eial w,i:. lilirs! witli 

meria,iry ami then ifi*- nyien nal 
- heing iliiseii wilh tlir^ In 

prevent tin* esrapr’ eif 
. " the tube was iiiveilrsl afi*! phierd 

.|^yj with its i'i|'H*n eiai lir'lnw I lie stir " 

fare of ir-^na-:; in a ilisle allrl" 
which the finger was witlulrawn. The lueriuiy at mitr' sank iii 
the tube till it stood at a height of abtnit .10 in, nr TO nm- ,ah»na;' 
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the level in the dish. I'^he space above the mercury in the tube 
was a vacuum except for the presence of mercury vapor. 

As 1 c.c. of mercury weighs 13.6 grams, the atmospheric pres- 
sure able to support a column 76 cms. high must be 76 X 13.6 
= 1033.6 gms. per sq. cm., and would, therefore, sustain a 
column of water 1033.6 cms. high, or 33.9 ft. 

fhiscal, reasoning that if the pressure of the atmosphere was 
due to its weight the pressure should be less on top of a moun- 
tain than at its base, caused the experiment to be tried and 
established the fact. 

197. Magdeburg Hemispheres. Otto von Guericke, of Mag- 
deburg, shortly after he had invented the air pump, demonstrated 
the pressure of the atmosphere by means of two 
Iicmisi)hcrical cups of copper carefully fitted to- 
gethcM* to form a spherical vessel about 2 ft. in 
tliameler. When the air was exhausted from 
the vessel two teams of horses were unable to 
pull t he cui)s apart. Phe force with which the 
caips are pressed together in such a case is found 
by mull i plying the area of the circular opening 
of the ciijis by the dirference between the air 
|)ressure on the inside and outside. 

198. Barometer. Instruments for the meas- 
urement of llie atmospheric pressure are known 
as barometers. Pile best barometers usually 
employ a column of mercury, as in Porricelli’s 
ex|)criment. 

A form much used is the Fortin barometer, 
llie reservoir of which is shown in the figure. 

Phe tube ('onlaining the mercury is sheathed . 

with brass to protect it from injury, the height '^\arometer^^^^ 
of the column being read through an opening 
l)y means of a vernier which slides on a scale graduated on the 
brass sheath. As the mercury sinks in the barometer tube it 
flows out into the vessel at the bottom and raises the level there, 
it is therefore necessary to provide some means of adjusting the 
lieighi of the mercury in the lower vessel, lliis is accomplished 
by the screw ( \ on turning which the flexible leather bottom of 
the vessel is raised or lowered until the surface of the mercury 




■^34 


LIQUIDS AND UASI‘;S 

exactly touches the ivory point I\ which i- the /.vm pniiif iLeit 
which the scale is graduated. As the lower vcrv^*! i- omi ah' tiidh, 
the external ai'r pressure is fna^ly traie’aiHlIctI io tuv Niina.ie Mt 
the mercury. d’he greatt^st i'an' is taken in nliinc; -in li a 
barometer that no air is h‘ft clinging to >id,-.-„ flie fiiereiary 
being usually heated and (‘ven boiled in thr- !ul>e, 

199. Capillary Correction, 'khe upper ^urfare ifir *^4unm 

in a barometer lal)e is roundeil upward in a Incur! aI fla' leiiirr 

than at the edges, and th(‘ h(‘igla uf the hamnu'ti'r 

highest point of tin's eitrvetl rmmisc'us. 

d1ie elToet of the curvtilure is to main* llir uflumn '.Lee! 'Jigiifl't P'r. ^ 
than if the surface were Hat. ilence tinHuain tlir tmv iinglif. 4 'jm.iII .*»r 
rection, called the rapillary carm which tlepend.** *01 fhr tnn^tvttv m| 
the surface, must he addetl to the a|>part‘nt luhght 

In a standard barometer the tube slundd !*e large ej iiie- in dsamrtf'rl 
that there is no curvature at the center of the iairfaie in 'ttlm it llirre 
is no capillary correction. 

( \i piiiary ( Vert v iinN M Hiimtifrs 

Capillary l>ei)ression I.'l n.H tr 5 n :i n frots 

Internal Diameter of 'kuhe i U i\ s u in n 11 ratn 

200. Temperature Correction. It must laM-'cmrmtrrrd itsr ’'.o:ilr 

by which the height of a bananeter is rea«l at ouh- *4ir’' Ir?i5prr,.i 

ture, and also tluit tluMlensity of the mercury ftsr’ tr'inpri" 

ature; In order, tlierefore, that barontetiu* reading''. ma>.' be drcaofr, vett.p 
known as the mliuni muHn^ is always given, thi^» i'* fhe hrigiff .ei nl-ii* li if, 
would stand if the mercury had the density which if far'* ai I'C c 

li [feet of CravilyK 1,1 might be upp- »■>*.-! ihal li Itii^ mtiicr^i! 
heights of the l)aromid'.ers at two pLiiCCH wi^r'r* liit' H.imr ilir 
atmc)sphe,ric ])ressures at those pfaee.s wimh} Icr cpiiai. but lliis 
is 'not necessarily so. The pressure in grams per npuarr irtili" 
meter would be the same, Imt the weight of a grain -*■ p. :.■* tui 
the force of gravity. Near tl'ie ef|uiilor a gram wi-igtis !l7s 
dynes, while near the p'Ole.s it weighs <,iver ItHd dytir^i ll itir 
reduced height of the barometer in eeutiri'irters l,ic iiiti!fi|i!iri'! by 
the density of mercury at (f i\ and the |irok!i,iel l^y tlir ac'crlera* 
tion of gravity at the given jdare, the pfc tjiv rei't,'irdrd, tiy the 
barometer will then be <leterminec.t in i'iynes |ier scjiiare cnill* 
Meter, which is absolutely c,lefinite. 
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201. Aneroid Barometer. An exceedingly convenient and port- 
able form of barometer is known as the aneroid (from the Greek, 
meaning wUhoiit liquid). A disc-shaped metal box, like a small 
blacking box, is provided with a top made of thin metal corru- 
gated so as to be extremely flexible. The air is exhausted from 
the box and it is permanently 
sealed, the top being supported 
by a stout steel spring which pre- 
vents it from collapsing. As the 
atmospheric pressure increases 
the spring yields a little and its 
point moves downward, acting by 
means of levers and a delicate 
chain to give a greatly increased 
motion to the pointer which 
moves over a graduated dial. A 
hair-spring serves to take up the 
slack of tlie chain. Such an instrument may be made as compact 
and portable as a watch. It is subject to change, however, and 
ne(‘ds to be compared with a mercurial barometer from time to 
lime. Also the elasticity of the spring varies with the tem- 
perature. 

202. Standard Atmospheric Pressure. It is customary in 
staling the densities of gases to give them at what is called 
atmosf)h(‘ric pressure, ^hhis standard atmospheric pressure, some- 
times called a pressure of one atmosphere, is the pressure of a 
column of mercury 76 cms. high at 0° C. ‘ 

When the acceleration of gravity has the value that it has 
at Paris (980.94*) this pressure is 1,013,600 dynes per square 
centimeter. 

At London its value is 1,013,800 dynes per square centimeter. 

A unit of pressure frequently used in recording very low 
prc^ssurcs is the har. A bar is defined as one-millionth of the 
pressure corresponding to 76 cm. of mercury at 0° C., being 
almost equal to one-millionth of the standard atmospheric 
pressure. 

203. Buoyancy. The law of buoyancy, known as Archimedes^ 
I)rincii;)le, that l)odies immersed in a fluid are buoyed up with a 
force equal to the weight of the displaced fluid, holds for gases 



Fig. 103. Diagram of mechanism 
of aneroid barometer 
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as well as for liciuids. This may hv t^a-Ty i!!^^f r.if lA l»\ tfu;* 
apparatus shown in the A hoHuw irl‘»he i-- buLiiieet! h\' ,a, 

solid mass of lead or 1)rass huuK *'^*'*‘*^' ^hr h.il 

ance. When the |i,ioI)e is t'lostal aial the whole i:'- plaeril 
the bell jar of an air pump, it is observe**! I ha, I a"- ilie a,ir i^. iw, 

luiuslet! fnun the i‘t*ei'i\'er flu* e;h'»lie 
S(*ttle*^ douu; wlieii air i !'ea«!. 
initti'd. however, the ideila* ! , .praiii 
halaneeii by the weiivht, 1 lie ideilit* 
with its grt'alti' vultiiee * li-pha t*-, 
a, ip'eater vtihiine oi air lh,a!i tlu* 
Wihght, ami !>>’ the law of bii»*ya,ta"v 
it uuist I'M* Imoyed U|'» with a. ereafra 
forete 

If a sttlitl ma.-o o! bf.is‘^ i-* 
\vei|i;heil. usin|» bra--^ Weiv'tit',.. the 
buoyant loree ol the ail on 1 h»i!i 
sides of life balanee will br the 
same. Hut if tin* dem-ilv of till* 
vvc'i^dds is greater !!ia,ri ilia! oi 
tlie botly weigtie'd, the apfjsiliiil 
weight of the body will la* less than it*- true weight. \\ laii ihr 
api)a.r(‘nt weiglit of a laxly is its true weigh! H iiia\ fir' louini 
by the api>roximale formula, 



where <5 is the density of air, d tin* avt*ragr drirJly of ilie obji'el 
being weighed, and di tire dt*nsity of the weigiHs i04."t!, 

204* Balloons, Ihilhxms asi*end in r.omHa|yrrn'e i*f I lie 'InioV'" 
ancy of the surrounding atmosphiO’e. dlie ga-- wiiliiii tin* m 
velope simply supirlit'S the presniirr tt» keep the ballooii *}i*4eiidr'f! ; 
in SC) far as it has wt*ight it is u <!i ;idw!a!...«-e, I'o ihti! tlir sufr 
porting power of a balloon we must dt'lenninr tlte weiglii of |!ir 
balloon itself togtd'her with the* emiosed am! ^4l!♦lrael itiis 
from the weight of an ecfual volume of etns- p!- " ;>■ air, M/tie 
difference is the portative* forca* of the* balloon. 

As the laalloon rises the pressure* of the aliiio'^iltrrr elri'n^isrs 
and the gas in the interior expands ami u : idp, fia^ ba| 
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loon, and then as it expands still farther the excess escapes 
through an opening at the bottom. 

Expansion op Gases 

205. Expansion of Gases. When a vessel containing gas is 
enlarged the gas expands, keeping the vessel full however great 



Ihcj. 105 Pig. 106 

its volume may IxH'omc, and at the same time the pressure of 
the gas diminishes. 

If a small thin rubber bag ('ontaining a little air is closed and 

I>Iacc<I under the bell jar of an air pump, and the air exhausted 
from the space around the bag, the latter will be distended by the 
expansion of the enclosed air as the pressure upon it diminishes. 

206. Boyle’s Law. d'he exact way in which the pressure of a 
gas changes when its volume is varied was first investigated by 
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the hhiglish physicist Robt^ri Boylt* in and Ijv Maritiu^ m 
France in IG79. 

The form of ap|xira,.tus use<l by Boyle is illirnr.iieil in iin;urr 
105. The short arm of the tube is cIomh! ami um!a,iu-. a mans 
of air separated from thtM)u(er air by the im*rcur\' in the firm! uf 
the tube. The enclosing air is iit tlu* same pr«' ■ nO' I hr niitrr 
air since the mercury stands at the saute level in i-m li lu'Sim, h, 
Mercury is now poured into tht' loitg arm of llir* fnitr mnii thr 
enclosed air is compressed to one-half iC’^ orie.mal 
shown in figure tOG. dlu‘ height ot the inetci,ir\ in the 
branch above that in tlu‘ i'htstal branch is ibeii Itmmi to lir ju-vi 
equal to the height of tin* baromelrit; coliiinn. I'lnif i, .. the 
enclosed air is under a, pia^ssure of /a’u atmis'^^tlierr'-. o:iir' ♦iur !*■» 
the external air pressure and tht' otiier ilne to the lair, 'hi oi ilir 
mercury column. 

If more mercury is athhal the air is still tiniher «oin|U’es.ed. 
and when the total t)rt‘ssure is thnn' a^me^splle^e'■.'^ the riiririny 
cokimn having twice the baronuhric luhglil . the air i;'* fouml to 
be compressed to onedhird of its origiita! voliiine, 

The law of co:nii>resHibllit y of air. whicli is, at’^o foiusii |i,f fi** 
approximately true ferr all the mon* laaiVet ga'-r-. may itiru he 
stated thus: 

Boyle\s Lauh IV heft the ?alume of a e; 

keeping the IcMperaliire eoristani, the pressure f'liosrohv 4s 

the vohmie; or the produd oj the pressure hy the :dume 
constant. 

dTal is, if a mass of gas 1ms a vtduine at a prissh'iire p and if 
|, the volume is change<i to a' while the t* ^nn i-* krp! one- 
I stant, the i,)ressure will become [V mrh that 

pv />V - i'tuistaiil. f D 

This constant is e'eide)ttiy prapmiimud le Ike mass el ya.t mrd, 
for if the i:)ressure is kept ccmstaiif we itniHi lake iwicr ili<* 
original volume in order Ur get doulile the iims,H of gm. We 
may, therefore, express Boyles kw by the * 

pt^ »a mk 


pp 


m 


or 


k 


1 , 2 ) 
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where k is a constant which depends only on the kind of gas and 
its temperature. 

1 hus if we have a mass of gas m having pressure p and volume 
V, and another mass of the same gas at the same temperature j 
but with |)rcssure p' and volume we have by (2) 


Letting d represent the density of the gas, since d 
have from, formula (3) 


that is, the density oj a gas is directly proper- | 

tional to its pressure ivhen the temperature is ||||f| | e 

constant* This is directly shown by Boyle’s : 1 r K 
experiment, for with doubled pressure the | [ 1 , 

volume is diminished to one-half and the ' j I' ji 

density is consequently doubled. ■ 1 ' 

To study the relation between pressure i | j 
and volume for |)ressurcs less than one ; j ' 

almosi)here, Mariotte used the ap})aratus | j . 

shown in figure 107. i 

A long tube of glass closed at the upper | I 

end and plunged in a deep bath of mercury I 

contains a small mass of air or other gas. I 

The volume of the air or gas is given by jr^A ^ 

graduations on the tube while its pressure is j ■ \ 

found by subtracting the height of the mcr- /Jl ^ . ;,7 
cury column Cl) from the barometric height / J 
which measures the pressure of the external 
air. The volume and pressure are varied by 
raising or lowcjn ng the tube in the bath. 

207. Variations from Boyle’s Law. Boyle’s law is not exactly 
true in case of any actual gas. 

ITe following table will indicate the degree of departure from 
the law, with increasing pressures, of some common gases: 
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3.9874 

i 3 0919 
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1 
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7 OIVII 
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iKkIO 
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9,9101 1 

' 0 0 k35 
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lit 

1 t/'rf 'i 1 
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19.7198 1 
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It will be noteil that air and nitm^e'n arr iii»ae i.an. 

pressible tharu’f they roli<HVt‘<l Boyle's law rvaefiy, while hvdroyrai 
is rather less conipressilde; tlu‘ depart nr(*s loan the law are, lun\ 
ever, less than 1 |)er eetd up to IB at in* > pheres’ pre . ure c 'ar 
bon dioxide shows nuirktal iiuaa'asi* in eurnprr-, ‘ability .e’* the 
pressure increases and it approaehe.. its I'Hant of M»iide!i;siti*'*n. 

Idle French physicist, Ama^at, has made an iwliaicaiu" *andv nf ihr 
comprcssihilhies of gases at diffemit tenit><*rai urrs and up prr-. 
great as 3000 atinosjyheres. More rercMitly thr Anmii an pin .-s ra . f ItMtlgnian* 
1ms carried the investiga,tion up Uy the remark, if. »lv lii^h pi'r'..viiie *.»! 
a,trnospluu'i‘s. 'riie results of both invi’stigatiuns dnwv liial a'- pir'-'/tmT is 
increased the product /ra slightly diminihlu’s at m,‘4„ hiif whr'U fl»r pfr’'i‘'44re 
exceeds a certain amount, which deiiends t»n fhe g,e*. and 
the product pv stca,dily increases up to tin* highr-4 pre^-ano* 

The Dutch physicist, V’an der \VaaIs* has diown ilnii flir 



in which a and h are small constants ilepending on tfie kiml *»!" ga*». r%pu’rn4e<i 
quite exactly the relailon of pressure to volume in at f«ac*>|.4fii irtii 

perature for a htr wider range of presstires than the dmplr foriimla of' llovlts 

208. Measurement of Heights by Barometer, i'hr .A- •"'* .o- ■■ 

in pressure at two dijfermt heights in the nimmphrrr i\ npid 
to the weight of the unit column of air reaching* Imm ant irrti io ikr 
other. If the average density of the air bidwr.cri ilic* !wi.i yvA% 
were known then the height could easily tie ascertaiiteil In" 
ing the difference in pressure lyy the average weigiil ui iinii v*.t!urrte 
of the air. 

Let // represent the height in centimeters, /* a.ii«i p tlie two 
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pressures measured in grams per square centimeter, and d the 
average density in grams per cubic centimeter, then 

lid — P — p and H = ^ ^ (1) 

As the average density of the air between the two levels depends 
on pressure, temperature, and moisture, it is clear that the chief 
didlculty lies in determining this quantity. 


PuMUS AND Pressure Gauges 

209. Air Pump. Air immps were first made by Otto von 
(luericke, of Magdeburg, in 1650. For rapid exhaustion when a 
vacuum of 0.1 mm. of mercury is sufficient, a f|||| 
vc‘ry convenient pump is Gaede’s rotary air Jn^ 
pump, shown in figure lOcS in which the cylinder pi 41 1” 

/I, mounted close to one side of a somewhat ig 
larger cylindrical cavity, is rapidly rotated by 
an electric motor and sweeps out the air from 
the crescent shaped space by means of two 
sliding vanes .v.y, which are carried in slots in A 














1 , 


ifteir 




Mo. 108. (Jaede rotary pump 


Fig. 109. Cylinder of 
Geryk air pump 


and are pressed against the walls of the cavity by means of 
springs. In this way air is drawn in at C and forced out at 
finally escaping at /, 

k'or higher exhaustion, pumps are used in which oil or mercury 
prevents leakage. In figure 109 the cylinder of the Geryk pump 
is shown in which a deep layer of oil covers the piston and valves 
so that no leakage of air back through the pump is possible. 
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When the piston is raise<i the air alxnn* is mif IlirtniQi 

the valve V which is fuially lifted hy tlit* 'r^iHaildcr A wlirn the 
piston reaches the (,op, permitting the last hnbfih’N hI aii fur , ape 
through the oil into the upper chamlier, wliile at the tdmr 

oil Hows down through the valve, llirmg the Miiall e .ihuw flie 
piston. In this way the tiir in tht‘ cylinder is Cfoep/e/e/ i. e\jit-llefl 
in each stroke. 

Oil pumps for Jii^h exJmttstioHS shouhi nrstr /V- ,.,77/aail 

a dryini^ tube lo absorb all 'ivator -ra par from ilo' air i't s7r' :i rraihrs 
the pump, as moisture ahsorlnsi in the oil I'U'eveiit: itie urinir 
of a high vacuum. 

A most effective i)umi> of this type is taa* «lrvi‘.ed hv i einlr jti v, lii», li three 
cylinders, connected in series and mounted one ah<n'e tin* 'Miina',, a 

single long cylinder and are o|)erat(‘d vvilli one piston lo*! \ii e-- tlratt n in at 

llu* lH>ttt»in and fon tsl snM-r:wivrly 
through the Ituer* I .vlinder-', and 
esea}*es at the fop,, a sfu,dl 

unnmnt eal is used and fltr pi'r-'-riir'e 
id water vapeu’ ffors laa infnlrfr voilh 
theatiion as if does i,n i,oe*si osl 

210. XatiigmtOr Con den Million 
Pump. A ,din|'»le and h»i»\ ensriu iMiiit 
i#f' pfiittp foi poHliii ing Ingli \so na lii/i'i 
Peru tiiviTttiMl hy I, h.iiigiieiir. a form 
id’ vvliifh is sliow',fi in intnir I IP -Mrr 
i'ury, /h in ilie |,»? it font »*! ihr i *<, liudrr, 
is InstliMl hy gas or rliH iro sCv, * ..licaiig 
it evapiiratr, A, fvlrrstir. of vapor 
lh>ws u|nvards pliroiig,li /■ aisl h 
tleeteil hy H dowituseids aii4 
the water rotdrd ?ddrs ,|, wlirtr it. 
itnmetiialely eoijilrnsrs, down 

and th.'iws tnlti l'.-^ agaiit 
openings. 'M«4reiilrsi*f inrs* iiry \'.ap»-*r 
flowing downwards from P strike against the tmilecnlm of ihr ga,s liriwrrn f 
and d, crowding them downvvardstowardH /C where they airi|t4%%'n rtil, .%ltirr 
gas is sucked in at C to ilisplace that driven out iinfil llir vs'iv^rl ,ii',*rii 4 rrir«| 
with C is v{‘ry p<Tf(*i'tly exhaimted, Hie imnaaliafr of ifir mwf 

ciiry vapor is essential to tin* opcnitionof this|Hini|n othri mrtrmy vv'e 
por would How upwards toward and interfere w'illi llie doiviiwMird 
This pump is» therefore, called a eorideiisatitin UrUm* ihtM piiiiifi 

can operate, the pressure in it luis to 1 h‘ redue-eil to a Imv value ilnil llie 
molecules of the gas are far apart and ran easily la* driven ticiwMiivardfi liy 
the molecules of the mercury vafior. With higher mdiere tli« 



Fig. 110, T.angrnuir Uondermtion 
■Ihimp 
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molecules of the gas are close together, the downward flow of the molecules 
of the mercury vapor is intercepted and exhaustion cannot proceed. The 
condensation pump is, therefore, operated in series with another type of 
[)iimp which will give a suOiciently high exhaustion so that the conden- 
sation pump can operate. The Langmuir condensation pump combines 
simf)licity witli the power to produce an extremely high vacuum in a short 
time and is widely used commercially in the production of high vacua. 
Pressures as low as To^joo^ioo of mercury may be obtained by means 
of this pump. 

211, McLeod Gauge. For measuring the very low residual pressures 
in the vacua produced by air pumps, a device, shown in figure 111, and 
known as the McLeod gauj^e * is employed. 

It is connected by the tube C with the exhausted vessel, so that the 
pressure in the bulb A is the residual pressure to be determined. The bulb 
D is raised causing the mercury to rise into A and C 
and comi>ressing tlie air in .1 into the upper part of the 
narrow tube H. Supi)ose the air is thus compressed into 
onc 'tlxousandth part of the original volume A -f B, the 
I)ressure in B will then be 1000 times the original 
pressure, while the pressure in the tube C is unchanged. 

Idle difference between the mercury levels in B and C 
will t hen measure the difference between the pressures, 
winch in the case supposed is 001) times the pressure in 
C, so that I mm. dilTerence in level corresponds to an 
original pressure of only O.OOl mm. of mercury. 

212. High Vacua. In obtaining the highest 
vacua chemical means also are employed. Sir 
riumphiay Davy was the first to pse this 
method. Having put into the ve.ssel to be ex- 
hausted some caustic potash and then filled it 
with carlionic acid gas, he i>umped out the gas as far as possible, 
and, liaving sealed the vessel, left the residual gas to be absorbed 
by the caustic potash, and thus obtained a very good vacuum. 

The principal ditliculty in obtaining very high vacua is due to 
the escape of gases into the tube from the glass walls. These 
gases arc actually dissolved in the glass. All ordinary glass con- 
tains considerable dissolved water vapor and carbon dioxide. 
When a certain degree of exhaustion is reached these gases es- 
cape into the tube as fast as they can be pumped out unless special 
means arc (an|)loyed to eliminate them. The difficulty is partly 
overcome by heating the glass tube during exhaustion to as high 

^ Pronounced MacLoud. 



gauge 
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a temperature as is safe without softtaiin.u it. T!*i> ilrivrs out 
the glass a consi(Ieral)le part, of the clissttlvinl w!iir-h are 

then carried away by the })uiu|>. Metal wliifh naty 

be sealed into the tube, also t'ontain fiut iha 

metal electrodes am be hea.ti‘d to a very high ft tey-. r'.iUir*.’ wifir.< 
out daiuagirtg tluau ami so tlir ili^-oK-ed 
~ wl almost entirely tlrivtai out ot them. Ibit yhiss 
m still retains dissolvi‘d ga><*s e\"i‘n a, tier healing, 
(dienueal nutans are thereitae . n pl-.r : Datii 

up these resi<lual gases. 

Ib)r instauee, the tuln* may havt* a plvi-r 

c)f ('alcium seahal insidt‘ it whieh \aporiaed by 
' heating the tub(' aftta* it i.-i e\hamUtsl ;i>. i;ir 

possible by the pump. 'The re;4iinal yaM-s t'lnnlnne 
*''' "" witlt tlie ealeiiun vapor ami form proiliu width 
readily deposit on the glass walls t)! the tube, 
es ' The vapors of various metals lau tie ti^rd in I his 
• ^ way to eleaw up llu' residual g.i e ■. 

d'hese higli exhaustions are tailed by iMtufr.y 
vacua, as tlu‘y are tiu* lu'aresi a-ppru.u hr-’'* bt an 
, absolute vaeuum tliat physii tsfe*,- iiavi" lieen able 

' to ma.kt? l)y tlu* most relnied' miihoeL kmnvii lei 

seieiuHs and yet thm'i* is ri’asoi'i b* Itelievr that 
-U <i in <‘V(‘ry <‘ubie iiudi <if sm li a vm uiiiii flte'i'e an* 
® w 400 million im>leeuh*s of gas. 

— — 'I'he very highest v.ieu;i ida.isiesi Istvi" bei-e 

Flo, 112, Open hy nu‘ansof vapor from a UiiigrUen ulaitirni 'visdrO itao a 
manometer tulie and inteiiMely henttni hy an rlnJiit i, uirriit At iIiih 
high lt*in[i('rat mo, the Itiiigsien vap»r readilv i ortiliiiie'* 
with the resitlual gases awl the products td iltrse reai i^m-4'^tum finr-.iie 
of tungsten oxide and timgslen i'arhidtu are ilepoatn! on ihr «if ihr 

tube. The glass walls of ttu* tnlie are <'htlled to a verv i»eA irmprf'aiute 
by immersing the tulie in Ihiuhi air. This so tediicr'^ tlir ..■iguaiiuis *4 llir 
molecules of the gases dissolved in the glass that iliC'' r-'>s'.ipr ififi* fltr fubr 
very slowly, making pt'»Hsible a remarkahiy high vaowm |iv ihrM' 
vacua higher than a million millionth of an atmo^pherr i, an hr obtaitird, 


213, Pressure Gauges, < )ne of the simptesl btriic-** id' ; e ^ urr 
gauge is the aptn mnnamvtcr. It taumist'% of a tinil tiilir coir' 
taining mercury, one arm being open to the atr and the cillief 
connected with the vessel in whk*h the pressure is to hr irirusiiretl 
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The (lirfcrence between the pressure in the vessel and that of the 
atmosphere is measured by the height of one end of the mercury 
column above the other. If the difference in pressure to be meas- 
ured is very small, it is often best to use water or even kerosene 
oil instead of mercury on account of their small densities. 

214, Bourdon Spring Gauge. A device commonly used in 
steam gauges is the Bourdon springy so called from its inventor. 
It consists of a tube of brass of elliptical 
section, l)ent into a nearly complete 
ring, the flatter sides of the tube form- 
ing the inner and outer sides of the ring. 

One end of the tube is closed and into 
the other the Iluid under pressure is 
admitted l)y a pipe. This end of the 
lul)e is llrmly fixed, while the closed 
end is free though connected with a 
pointer by levers and rack work or 
by a line chain wrapped around a feauge 

small spindle (I'ig. 113) by which the motion is greatly amplified. 

Suppose the pressure to increase, the flattened tube will spring 
a little and l)ecoine more nearly circular in cross section, and in 
so doing it will slightly unbend as if to straighten out, causing 
tile iiointer to move over the scale. When this device is em- 
ployed as a steam gauge the pipe leading to it is usually bent 
<lownwa.r<l so that it fills with condensed water, preventing the 
hot steam from reaching the gauge. 

216. Common Suction Pump. In this pump there are two 
valves opening uiiward, one in the piston and one at the bottom 
of the cylinder. As the piston is raised, its valve being shut, 
the atmosplieric pressure forces water from the cistern to rise 
through the i)ii>e and follow the piston, the lower valve opening 
and pc'rnul ling this flow. As the piston descends the lower valve 
closes, preventing return to the cistern, and the valve in the pis- 
ton opens allowing the water to pass through. Such a pump 
cajuiot raise water from a level more than about 34 ft. below the 
piston. 

216. Force Pump. Water may be raised, however, to any 
desired height by the use of the force pump. In this pump the 
water is drawn into the cylinder as in the suction pump, but 
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the downwunl stroke of the solid piston 1 <h'ics the liquid in the 
cylinder out Ihroutth the sidi- tube into the rir-ine, pipe, w hit h may 
be extended to any height. A vals’e in the side lulx’ itnu'ents 
flowing back, and an air chaml>er is provid.'d whit h at I as a 
spring, the air yielding to stulilen nn*venienls of the |ti--t.m. 
which the water column on account of its great inertia itmltl 
not do. 

217. Siphon. If u bent (ubo is tilh^d xsith a lii|tiid and (tiir 
end is introduced into a. v<‘ssei of the liquid vvidle flu' lUher rnd 
is open and held at a. lower level than the MuUue, ihr liipiiit 



Fig. 114. Lift I'Himp Fa;. 115. Feret* putap Flo. I in, Ss|'fliHtt 

will cscat)e through the tube. Siu'h an arrniiM<uiiriil . known as 
a siphon, is re|>resented in tiguri* lltl. 

The ui')per surface of the li(|uid in the ves.se! an*! ab-ai the upeit 
end of the siphon are subject to llie atoDi I*!;, n, pir but 

this is partly balanced on the sliort sitte by llie iottiiiin of liqiiid 
of height /i, while o,n the other it is opjscse<l !>y llie I'ongiu* I'oliiiiiii 
IL The pressure which is effective in catisiiig the ilow is, ilir.rt*- 

fore, that of a column of liquid of height // /i. F'roiii this il 

appears that the velocity of liquid through a si|.iiioii Wiiiiltl be 
the sam,e as from an opening directly iiitci the ves>r! ;.it itw' level 
of the outer end of the siphon, if it were not fi»r tin* krxs tint* l«t 
friction in the pipe. 

Clearly the liquiil can only ristt in the Hiplion to ii lieiglil ivtiere 
it can be suppc)rtt‘<l by the atino.splu-ih. po---.uir.. watri% tbrnr^ 
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fore, cannot be lifted by a siphon more than 34 ft. above its level 
and mercury not more than 30 in. 

218- The Centrifugal Pump. In the centrifugal pump liquid 
is admitted at the central part of a rotating wheel carrying veins 
or impellers, is caught between them and 
thrown outwards by centrifugal action, and 
escapes at the outlet provided for it even 
against a moderate pressure. More liquid 
is sucked in at the inlet to take the place 
of that discharged, and thus a steady flow 
is established, dliis pump is useful for lift- 
ing large volumes of water short distances. 

Similar pumps called bloiocrs are used for 
handling large volumes of air for ventila- 
tion purposes or for establishing forced 
drafts in furnaces, etc. 


PROBLEMS 

1. How high would the atmosphere have to be to cause the barometer 
to stand 7(i cm. high, if its density was the same throughout as at the earth^s 
surface, taking tins density as 0,0012 gm. per c.c,? 

2. How mucli higher will a barometer stand at the base of a mountain 
than at a. station 1000 meters higher, taking the average density of air be- 
tween tlic stations as 0.0012? 

3. The air diaml)cr of a force pump contains at the start 600 cu. in, of 
air at pressure 75 cms. of mercury. What volume will the air occupy while 
water is being forced to a height of 150 ft. above the pump? 

4. How tleei) must a pond be that an air bubble on reaching the surface 
may have twice the volume that it had at the bottom? Suppose the 
barometric firessure at the surface to be 75 cm. of mercury. 

6. I low dccf) must a i)ond be when a bubble having a volume of 12 cx. 
at the l)oltom has a volume of 30 c.c. as it reaches the surface? Barometer 
reading 75 at the surface. 

6- A barometer on top of a tower stands at 75.20, at the bottom it 
stands at 75.40. How high is the tower if the average density of the air 
between the toi) and bottom is 0.0012 gm. per c.c.? 

7. A barometer having a little air in the top of the tube stands at 72; 
but if the level of the mercury is raised so that the air space is half as great 
as before, it stands at 70. What is the correct barometric height? 



Fig. 117. Centrifugal 
pump 
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8. If the tube in tlic apparatus shovvrt in Isgiire H'C ant''* llMi yf 

air, and the mercury stands in the tuln* ir» cm. abti\c t vri in tfir .niter 

vessel, while the barometer stands at 75, tmd what v mh! be file volume 
of the enclosed air if it were at atmosplieric prev.ure _ tin* 

volume of tltc enclosed air iHH'oine wluai the luln* raised aieiiih' iq 
make the mercury stand 2d em. luKh insiile the inhvf 

9. A glass bottle containing 100 c.c. of air at atmuNplimii' pn-.Mire 

at the surface of a, pond with Its open numth downwaol, 'llic Inuilc ttriglw 
130 gms. and the density of t}u‘ glass is ‘i.th U the l»ar«nmirtt |.i:rs-.tur ir. 7a 
cm. of mercury, how deep beh)W the surface must tise InUllr be pudird tliai 
it may just float in eciuilil'iriuni. neitluu* (ending t‘» rise tun -dnl ” Xt'gteci 
the weight of the enclosed air. Will the ecjuilibriuin bi* '4a!»lr m tinsf.iblr aiid 
why? 

10. What force mnsl he exert eil on the piston of a force* imiiip M iii. I 
diameter to raise water 100 ft,? 


PART II. FLUIDvS IN MOTION 

219. Steady Flow. Wheo a fluid is in tnoiitui if itir ]ec 
velocity and directiou of Oow remain unchanged ai every 

in a certain region, the motion thvvv is said lo lie steady, A line 
drawn in the lluitl so that at every jKiinl it is in the dirreliiut of 
the flow at that ])oint is calhai a strt*tim 

220. Continuity. In ease of stt^ady ihnv as iiiiiih fluid must 
How into any region as flows otit of it in tlie same time. 

lad tlie tigure represent either 
an o{Hm ehaiimd eu" a ihpie ooiV' 
veying water. I'lir lota! viiliiinr 
of waiter i'rossiiig the seefioit of 
c! jrer second will !«’ ts cic, I't , j»er 
set'omi if lire veloetly is c ft, per 
second and the cross section of the str«*am at that fwiiiil is r sq. 
ft. If d rei)resents the density at A, or file iiiiiiitwr of 
mass per cubic foot, then vstl is the mass of water » ts.L .hu* J j-irr 
second and similarly is the e(>iTe;-p<mdiie-* iue II 

in the same time, and therefore vsd ■ ■ rbvAf . dliis eqiiattuii hohts 
for the steady flow of any fluid Whether gas or Iliil for 

liquids since the density does not appr*** iahir cliarige tliiriiig liie 
flow, we may take d ^ d* and so 
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or the velocity is inversely as the cross section of the stream. 
If at a narrow place in a stream the velocity is not correspond- 


ingly great, we may be sure that 
the stream is deep at that point. 
The extremely small cross sec- 
tion of a stream at the edge of a 
dam is due to its great velocity 
at that point. 

221. Momentum of Liquid 
Stream. When a liquid is in 
motion each moving particle has 
momentum and kinetic energy. 
When a jet escapes through an 
opening in the side of a vessel 
the pressure which gives the jet 
its forward momentum acts at 
the same time as a reaction 
pressing the vessel in the oppo- 
site direction. If the orifice is 
free to move backward it will do 
so, as in case of the device known 



Fig. 119. Barker’s mill 


as Barker’s mill shown in the figure. In case of the end of a hose 


the rush of water around a curve will by its centrifugal force tend 



Fkj. 120. Ihrlmte water wheel 
diagram 


to straighten the hose. If the end 
is free it will very probably swing 
over too far, in consequence of its 
inertia, when it will be flung back 
again, thus thrashing to and fro. 

222. Turbine Water Wheels. 
The centrifugal force of a stream 
as it moves by curved guides is 
made use of as a means of obtain- 
ing power in turbine water wheels. 
Such a wheel is shown in section 
in the diagram. The water flows 
inward toward the wheel through 
the fixed guides, which cause it to 


enter in the proper direction, and then driving the wheel forward 
and sweeping by the wheel guides BB, it escapes at the center of 
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the wheel, llie jjjuides .J.-l may la* madr* Ic^ 

regulate the How of wat(‘r. l'!u* taittaing uafrr I lliinif 

is comluctecl to tlte turf>iiu‘ l>y a pipe whitii i- krft! tviii.Oa/iitly 
full, thus giving the a«lv"antae:e oi ils pre-'^raire. 1 he finiiirie 
may be set at the luw(‘st levi^l so that the walta hireiily 

into the tail ra,ee, or it may t)e set higlu'r if the wajer e-.t .;tpin|f 
from the wheel t‘nti*rs a^ eloscil <lratt pipe whieli theAii i<i 

the tail water. 

The sinking of the watta- in this draft pifa* pr. ^ a >ueiititi 
which increases tht^ erfu'iiau'y of tin* whetT 

223. Efficiency of Water Wheels. W'Teri walia' iImw--' I'foin 
one level down to a,nother it los(\s piMential enrrev, 1 !ial fn'o- 
portion of (he i)otentia1 i‘iu‘rgy lost iw Itu* wain" wldilt is tran-'e 
formed into useful work in a watta* wIum*! tailed if-, n; , 

It is clear that to h(^ (‘Hiciiuit a whet*! nniNt as .far a-- |'Hrrd.lilr let 
the water down from the high<‘r to the Itnver level wiihouf elinrie 
ing, and the waiter escaping a.t tin* hotfemi :dienili! Imve little 
velocity, ils energy having betm e\pc-nded in u.-eiiil w»irk 

224. Various Water Wheels. 'Hit* ohl la^liituietl o\ei'dioi 
wheel, taking water from tin* upper level and dee, if U* the 
bottom of the fall, uses the vvlmk* t*iiergy <4' I hr fall. !iuf it-. ::dae 
and weight cause great frictional ktss. 

Where a small sup{)ly of water at high prc^-.nirt i> avaiialile, 
som,e form of jet whet*l is often best. Ihu'e tlie wlietd lirivni 
at high speed liy tlie fonv of a jet r-.;*pi:e' against eti|e., svi 
around the j)eriplu*ry of (lu* wlua*!. 

226. Hydraulic Ram. Hit* hydninlic ram h an ajipliaan'c by 
which a small tjua,ntity of water may lie raisral a tvficddrrablr 
height by using a small fall in a stmun. T1ir watra is nmiturted 
to the ram through a straight, smooth. irie!irii*il pi|ie tilindiig 
little resistance to the How. At C* is a %%alve o|*eriiitg 
through which the waiter at first escai.H*s; fmt as its -.jier**! ire- 
creases, it catches the valve in its rush and sluits if . 1,‘hi'^. Hiiddeii 
stoppage of the stream rauscH a great. pre:-.-.mv at tlii^ eiiii of the 
pipe in consequence of the forward momt*ntiiiii of tlie slrniiri, 
and the valve d which o]>enH itfmuitd is forci*d ojmi mitt 
water driven into the plim (\ 11m valve d itnm aii«l iin--' 

vents any return of waiir from c. Ihit \vitti l!ie sinJdrii .... 
of the stream the valve C if properly we!pd.itrd rctMiiiinls aiiii 
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opens again, the stream again escapes at C with increasing 
velocity until the valve is again caught and closed, when water is 
again (Iriven through the valve d by the hammer-like blow of the 
column ot water in A, The action is thus kept up indefinitely, 
water being gradually forced up the pipe e until it may reach 



Fig. 121. Hydraulic ram 

many limes the lieight through which the stream falls. The air 
(iuimlier B is essential to the action of the ram as it presents an 
elastic cusliion with but little inertia, enabling the valve d to 
yield instantly. At / there is a minute opening, the air snijf, 
through which, in the recoil of the water, air is drawn in, main- 
taining the su|)ply in the air chamber. If a 
hydraulic nun were perfectly efficient, it would 
raise one-tenth of the amount of water flow- 
ing into it tlirough ten times the height of the 
fail or one-half the water twice the height of 
llie fall. Ikit in |)ractice the efficiency of a 
good rarn is about 50 jicr cent. 

Rams are now macle in which the supply 
pipe is as much as 4 ft. in diameter. In these 
rams the valve which arrests the flow is moved 
l)y a |)iston operated by water from a small 
braru'h of the main pipe. 

226. Velocity of a Jet. While a liquid is escaping from a 
vessel through an opening which is small compared with the 
iipi)er surface of the liquid, no change takes place within the 
vessel excei>t the gradual lowering of the surface or disappear- 
ance of liquid from the top, while a corresponding mass appears 
outside in the i‘scai)ing jet. If no energy is lost in friction or 
viscosity, the energy of a mass escaping at B must be the same 


A 



Fig. 122 
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as the energy of an (‘qual mass at A, But siiire fht* 
energy at B due to gruA'ity is h‘ss than at -1' l!ie kiruiit' mt-rgy 
at 2^ must be correspondingly giaaittu'; that is, it niii'O hr* gri»at 
enough to cause the escaping mass to rise from H to A when the 
jet is (lirecte<l upward. 

If h is the height of A above B wt* ha\H‘ 

The dilTerence Indwtam tlu* potential energ>“ nt a m ai 

A and B = wg// i‘rgs. 

The kinetic energy of mass m escaping at A* witli vtTaity 


V = Inrr ergs. 

ddierefore 

and 






I I ! 


This velocity is tlic same* as tluit whifh a freely falting butly 
would acciuire in a distance //, a ecmelusion known as 
theorem. 

BorrkelU\s' llirorem. The ?etot iiy of oh esfopiny /a 
to the velocity which a body will iu tjuirc in foUiny yrom ihr io-.r of ihr 
upper surface to that of the openiny^. 

The density of the lit|uid and dirt'etion of the jet do aol ,ihei t 
its velocity. 

When the pressure alone is kiunvm tlie lieigld of the jitid re 
quired to produce the given })n*s!mre ntay l»e caicukitrd on thtu 
used in the above formula, dims the pressun; mi tin* It'v* ol' /I 
is p « Mg' in dyne.s per cnrK’ using this to idiminalr* k fiorii r«|tia'’ 
tion (l) we obtain 

d 

227, Vena Contracta. Tin* liqniii as it 
proaches the opening moves in from a!l sidrs 
along stream lines like tliose slitrwat in thr* diu' 
gram. 'Li<.iui<l coming fr<»m can !i side han a 
certain moment uni toward tlie n%h of' lliv jrt, 
Fig, 123 hence the jtd narniws anil dors tmt biaaitne 
cylimlrical until just after it has left tin* orilice., 
A short cylindrical neck of tlie st^se of the opening is fotiiid lr» iii'- 
crease the quantity <‘scapiug per Hecmul, awl if tlir neck is 
what flared out the flow is still greater. 
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228. Efflux of Gases. The velocity with which a gas escapes through 
a small opening when the difference between the pressures on the two sides 
of the opening is p is also determined by Torricelli’s theorem. 

-v/|- 

Since for a given pressure the velocity of efflux is inversely proportional 
to the scjuare root of the density of the gas, the densities of gases may be 
compared by observing the times in which measured quantities escape 
through a sma,ll opening. 

229. Energy Due to Pressure. When a liquid is forced into a vessel 
against pressure^ Ike ivork done is equal to the product of the prcsstirc by the 
volume of the liquid %vhlch is introduced. This expenditure of work is not 
wasted in friction, but exists as energy in the mass, ready to be transformed 
into energy of motion if an opening allows the mass to escape. The amount 

of this energy, since the volume of the mass m equals -y , is 

E ^ iz.. 

d 

230. Energy Equation. Consider a small mass of liquid at a in the 
vessel shown in the diagram; it is in equilibrium, and may be moved without 
olTering any resistance from a up to the surface. Clearly there is no change 
in its total {jotential energy as it is moved from one part of the vessel to 
another. At. the lop its gravitation potential energy referred to the earth 
is a maximum, but then it has no energy due to pressure, while at a its 
gravitation energy is less l)ut its pressure energy is coi'respondingly greater. 
If h rei)rest‘id,s the heiglit of the mass m a]>ove some fixed plane, say the 
surface of the earth, its gravitation potential energy referred to that plane 

is miih. We have seen that its pressure energy is —--j and if the mass is 

in motion it. will have kinetic energy yuv^^ its total energy may be 
written 


d- wg// -f = energy of mass m. 

If the stream is (lowing in conduits or channels without doing work, the 
energy of the mass will remain constant except as it is wasted in internal or 
external friction. The fact that in steady irrotational motion of a friction-* 

less fluid, the expression -f mgh + remains constant for a little 

mass m as it moves along, is known as BernoulWs Principle. 

As an illustration of the above equation, conceive the vessel A in the 
figure to be kept filled to a constant level while the liquid is flowing out 
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freely through the pi|)e D, and folUnv the ehangts in tfie UKi-'-r'. m. An if 
downward h grows less an<l st» its gravitation o!u*rg\' dinditt-dit* •, wJdlt- 
pressure energy increases, tlu‘ kinefit* ent‘rgy i)eing seareeh' Nn,iit)a*.i . hut 
as it ;.ii>proaches Iheopening H its velocity iiuTcast"-, and t oir.rtna'ni Iv 
of its energy is kinetic and less due to presMire than at the ■nuio’* \v\ rl i.iriiiiT 
in the vesselj so the pressure at H must tluai In* 1 <'ns t h.iii al \\ hoH It ira* ln-s 

(■ its u ill hr It'-/,. ,i,iid 

? » J? f . 1 '/ y } ( i ■ ? ! I Ir- 1 3 f I " . ' , '3 IK * I Ifr fc* 
will fn* great *‘t flctri at /f, 
ditrouglaaif /) the 
and c <»U'a'*|tirnl i\ flo' \e|». « itv, is 
con:4ant . and '.dsi e if j;, ,;!!! .ti t ht* 
same le\'el I lie pri'--/-.nrr' tiui‘4 he 
eonstant e^tefil a'-^ iinlin'’need hy 
Flc* 124 friction in tfw pipe 

231. Fru'tivui hi Idi'ies. When 

water escapes from a, reservoir througli a horizontal pipe of iiiidMiiii liMii, 
as lib in figure 125, tlie veloeity will he tht* same at all point:, in |n|«\ 
and '// iJiire Is iwftitiion the pressure will he taaiNtaiii tfironglionf ihe Iriapli 
of the piiie and erfutil It) lh<* atmospheric pn-ssure af the end t. In iha! 
case the water will not rise in any <4 the gauge fuhes -diottii. In 
however, there is always some frietion in a pipe, aiah tlirrehu’e, a i'oii:t*4aiif 
expenditure of energy. But the energy eijtiation is 



and if the pipe is level a.ml cylindrieal h and a carmid i tiarige. oft^rpnrtiflv 
if there is any <leer(‘a.se in A* t}u*re must hr an rptial drtrr.i ' in ilir lir;d, 


and, tlierefore, a Jad in 


pressure. If the friction is uniform 
throughout the pipe the pn*sHun* 
will decrease uniformly, iHnamiing 


equal to tlie alrnos|ilieric pre.ssure 
at the opening b, Idie height, // fsee 


figure) which deterrni!U‘S tiu* preS’ 



sure at b when the opening is |/|i- 

stopped up so that there is no flow, 

is called the pressure head, Wluui b isopen flic head retjiiirf.'’d to prt»l«i:'e 


the observed velocity of escape reckiined fnnrt the !iim» v mllrd 

the velocity head. In the alxive case it is h\ ainl the rernairiliig lieatl ik ■ I/I 
is spent in overcoming friction. 

I'he loss of pressure when water h llowing in pipes is a fart tliaf to Im 
constantly taken into account in I'lraclice. 11 h? friclioii iirttl r- 
loss of pressure, increase with the veloUty of liow. 
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232. Pressure Varies with Velocity. The fact just demon- 
strated that in a horizontal pipe of variable section the pressure 
will be greatest when the cross section is the greatest and velocity 
least is so interesting and important that it merits a brief ex- 
amination from another point of view. 

C^onsider a little mass of liquid at A (Fig. 126) where its velocity 
is clearly diminishing. It is under pressure on all sides, but since 
its velocity is diminishing the 

|>ressure backward on its for- ^ 

ward side must be greater than n 

th(‘ pressure on its left which 
urges it forward. When the 
mass reaches B, however, its 

velocity is increasing, hence the pressure behind it which urges 
it forwa.rd must be greater than the pressure in front which is 
()j)}K)siU‘ to its motion; the point of slowest motion must therefore 
be a point of maximum, pressure. 

233. Aspirating Pumps. The principle just established is 
made use of in aspirators for exhausting air. Such an instrument 


Fig. 126 


is shown in figure 127. It provides a narrow 
channel through which water flows with great 
velocity, the stream widening out and moving 
slower before it reaches the atmospheric pres- 
c sure at the open end. The pressure at the 
narrowest point must then be very much less 
than that of the atmosphere, and air is ac- 
cordingly drawn in through the side tube C and 
carriecl out at B by the rush of water. 

234:. Ball on Jet, etc. A jet of water or even 
of air may support in stable equilibrium a light 
Ida. 127. Chap- explanation is that a slight shifting 

man ex umt pump right, would cause the 

main stream to rush on the left, the velocity of flow would be 
greatest there, and therefore, the pressure less than on the right, 
and so the ball would be pressed back again. 

A card with a pin through it and laid over the open end of a 
spool cannot be blown off by blowing through the spool because 
the velocity of the air stream as it spreads out under the card is 
least at the outer edge where it comes to the atmospheric pres- 
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sure, the pressure nearer tlu‘ center wliere tlu* vehicify i> greater 
will, therefore, he less than that of the atinuspliere and file ea,rti 
will accordingl}^ be j)rcsse(l against tlu‘ (‘lul tg’ tlie spiuil. 

Similarly a ball will l)e held in a cup l>y a jet aroyiid 

it, as in the ball nozzle used for lire Iiose. 

If a stream of air is directeil bet wetm two shi*ets of pajua tlit^y 
are drawn together. So also Uaivtrs and tdher liglit ttlijet ls are 
drawn loward a moving train as it |>asses. 

PROBLEMS 

1, Find the velodty ef the stream td water in a pine* fereiny a, u’^sh 
section of 3 stn in, ami (UscUarging 150 eu. ft. of water firr hour, 

2. How much water will ('seape per mimite from a g In. h*»li’ in fiir aile 
of a water tower 50 ft. high,** 

3, With what, veloeily will water spurt out of a fu»Ie in ,i boilrr it* wlticli 
the pressure is SO Ihs. to the s<i. an, in addilitm to atim.>spiieri« pie:v.,iirr 

4. Die stream of waiter below a certain <iam lias a serf of in 

ft. and a velocity of 5 ft. per sec. fund the horsia pow-er avaiLibIr it llir ilain 
is 15 ft. high. 

6. What horse powta* would lie obtainet! fnan a :?tl ft laii liv a, liifiine 
wheel of 80 per cent elliciency, when the llow is atKl eu, lb per mimiiec 

6. .If the water esi'aping from a turbine water wiieri whiDi tea-*, the 
water from a 104t. fu,ll has a velocity of 0 ft, per see , wiiat the girairsi, 
possible cniciency of the wheel? 

7. If Hit eiheieney (.>f a !iy<lra.ulir ram is 50 per cnil . how fiiu* It wafer 
per (lay wm it raise to a tank a.t a luighl of ion ft. a!>ove the rarri. wlim the 
s^iPPly pip« htw i*' hhl of S ft. and di.stharges i gallon per miiittir * 

8. While w^ater is flowing with a Vidodty of tf.’i ft, per sers in a |*i|ie I in. 
in diam,eter the pressure drops oil from 70 to 10 lie,, per np, in, in ,1 Irngflt 
of 500 ft, .Find the energy in foot 'pounds spent in oven'oininM I’rirliufi trr 
cu. ft, of water. 

9. Find the 1u)rs(‘ powaT spent in frietion In the 5tltl ft, |.rrigtli *4 pipe 
specified in iirolrlem H. 

10. Derive formulas (1) and ('2) of § 220 for fhr v.eloeitv of an 
jet, from the energy eciualion of § 280. 

11. A horizontal water pipe of 1 .hcj. in. cross serltori widens mil to :i m, 
in section, .If the velocity is 5 ft. per sec. in the narrinver pifir and flic 
jircssurc 5 lbs. to the sep in., what will be the |>re.sHun* In tlie Milioifiifii? |i.iirt 

of the wider pipe? Aiw, 5. t -i 11,,., (n-r 4. <«• 

-t JiV”'''"’"*'’''' **■''“ MIW afwve thill i>t the 

absolute pressure is s f* *4.7 ® X07 n«i. ixrr grp in. 
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12. The nozzle of a fire hose has an opening 2 in. in diameter, while the 
pipe just back of it is 3 in. in diameter. Find the pressure just back of the 
nozzle when it can throw a jet 60 ft. vertically upward. 

Ans. 20.9 lbs. per sq. in. 

No'ii!:; At the opening of the nozzle the pressure is that of the atmos- 
phere, or 14.7 lbs. per sq. in. absolute, while the velocity is found from the 
height to which the water is thrown. Use energy equation of § 230. 
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236, Density. On ('oinparin**- a hhu'k of w«m'h| r»r Mliiiiiiiiiiin 
with an equal weight of Iea<l or gold, it is rlt*ar Unit Mdi.-niiims 
differ greatly in the (|uantity of niatha* t'oiuaaifralrd in a rjvt'n 
volume. The mass e/ any sulKsi(tN(r eonUiined in unil vidumr is 
known as its densily. 


DKNSrriKS OK SOMK Slf BS'PANi ‘KS IN UMAMS VI'K f'VUIV 
('KNTIMKTKH 

S olids L i </ H ids C A I A ^ ; f O’ ' i ' . 1 1 1 , * I I Mm, 


Aluminum. . 2.7 Mercury, . , . . , 13 Air . ft rtfUata 

Iron 7.2'7.H Seawater I.'Uen fhygrti , , ii iMiMMil 

Tin 7.3 Water at im Nitmnni U lioiean 

Copi)er 8.H Alcohol, ....... ns I Iv .a..;/,.' i. it 

Lead M .4 Kther. ...... . (K72 

Gold 19,3 

Silver 10. r» 

Platinum... 20.5 22.0 
Tungsten,.. 18.0 11) 

Brass 8.3 H.O 

Glass 2.5 3.5 

Oak wood. . 0.84 


236, Molecular Forces. When a lead Inillft h dividni }ty a 
clean cut, if the two halves are presstal tngether they wilt i ting 
■with considerable force. 'rWs force is the sime nature as 
that ■which originally held the two parts l.ic. tb.i. but is far 
smaller because of poor contact, 'riiis force is knowjj as n>- 
hesion, or when the attraction is betweetr diffcreiit substjifHcs 
it is known as adhesion. All .substances attract each other in 
this way in greater or less degree. A drop (jf water is held t«c- 
gether by cohesion, but it clings to a gla.Hs tckI by atlhesion. 
Cohesion and adhesion are of exactly tlie sjime nature, the sub” 

IS8 
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division being merely one of convenience and otherwise of not 
much importance. 

237. Molecular Theory. All matter is conceived as made up 
of seirarate molecules which are the smallest portions of the sub- 
stances that can e.xist in a free state, as in gas or vapor. The 
molecules of any particular substance are all alike, and, in sub- 
stances not at the absolute zero of temperature, are in more or 
less active motion or vibration, the energy of vibration depend- 
ing on the temperature. In solids the vibrating molecules are 
held by their mutual attractions in such a way that they can- 
not move far away from their mean relative positions. In 
licluids the phenomena of diffusion, and the Brownian move- 
mc'ut (§ 282), show that molecules move about in the mass, and 
tire not held in ii.veil positions relative to each other, though the 
force of cohesion may be very great. In gases or vapors there is 
the gretitest freedom of motion of the molecules, and their aver- 
tige (iistiincc ai>art is much greater than in liquids or solids, while 
t here i.s scarcely any cohesion. 

It is supposed that any two molecules of matter attract each 
other, according to the Newtonian law of gravitation, with a force 
varying inversely as the square of the distance between them for 
all considerable distances, but when very near each other the 
force of attraction varies with the distance according to some 
unknown law, giving rise to the phenomena of cohesion and ad- 
hesion, until the molecules come into what is called contact, when 
a force of repulsion opposes nearer approach. 

ff'he cxi>crimcnts of Quincke indicate that molecules must be 
lcs.s than 5 X 10"“ cm. apart in order that the cohesive force may 
be i>i!rceptible. 

I'he idea that matter is molecular in its structure is supported 
by a great variety of evidence found especially in the phe- 
nomena of heat, gases, and radiation, as well as in chemical 
phenomena. 

238. Molecular Structure. The molecules themselves are 
made up of one or more atoms. In most gases such as hydrogen 
or nitrogen, each molecule consists of a pair of two atoms, held 
together by their mutual attractions. There are about eighty- 
seven different kinds of atoms distinguished from each other by 
their different chemical properties. A substance whose molecules 
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are ma<ic up of only one kind of aloiu is ealleii an >ini:fnL 1 i y.Iro- 
gen, whose molecules consist of (wo hyiirogeii atoni'. rarh. i- an 
clement. So also are gold, silver, and inni. Water, on the otlu-r 
hand, is made up of molecules I'onsisting of two hydrogen atoms 
and one of oxygen, and is called a tomjnnind. So ai-o i> common 
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salt whose molecules are made up of out* atom of .‘dnlimu aiu! om* 
of chlorine. 

Kven the atom, itself, ('an l)t‘ sulaliv^idiMl. Fin !i kind tii atom 
consists of a centra,! nueUms surrouiultnl hy a definite arrant, te 
ment of a certain number of vledroHs. d'lie rlrtirmi is thr- 

known particle of mattcay liaving a mass ia|iial |ti almul 

I H ' 1 1 } 

of that of the hydro<.«:en aUim, a,nd as we shah >ee later, it has a, 
definite electric charj^t^ from which it <“aimot lie :-eparatt“<i niltiy 
It is thus an atom of electricity. 'Flu* eleetnm is a eoimriem ton - 
stituent of all elements an<l henee of ail matter, 

239. Molecular Equilibrium. The molreules nt a siibsfanet* 
may be regarded as in a state of taiuilibriurn under three forne^o 
external pressure, colusive foree, am! an iiitmaial pre ■. m'e due to 
the rebounding of adjuinin;/, rnoleeuies against eaeli either as fliry 
vibrate to and fro. d'his latter hvret^ may he roieddered to tnil^ 
ance the other two. 

We may form a conception <if these fuirrH hy ihr iolknvirir! iiiioilri, 
Imagine a row of small rublier halls tlrawn togetlier liv ,-arrfiiirtl 

between tliem (Fig. t2H), Let two outer s|irings prisn liinii li*g«iliri% 
and let the halln lie thought <if as rapidly vifmttiiig to ami I’m, rrlwiiiiidtiiii 
against each other, and so keeping a greater dhlmwv ii|iari tli.tii if f liii*y 
at rest. 

'fhe force of the outer springs n'prrr.t'ut,, the rnttermil prr».Hiirr and lleif 
of the springs joining the balls together the attraerii^r Umv* aiid itirAC ^ire 
balanced by the repulsion <iue to the impacts of the IsiIIh ugaiiea mrh other. 

**'The springs n'po’spntinj!.'' the littraetlve force sliotdd la* loiicrivnl m 
less force the more they are siretcheti, for t.tihesive lori;e m piirlltlci 

separate. 
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In solids and liquids the force of attraction between atoms and 
molecules is that which chiefly balances the internal repulsion, 
the external pressure being usually quite insignificant in com- 
parison. 

But in gases the case is different. In consequence of the great 
average distance between the molecules, the cohesion is so insig- 
nificant that the external pressure alone may be said to balance 
the internal pressure due to the motions of the molecules. 

This theory of gaseous pressure is more fully discussed in § 279 
ct seq. 

24:0. Structure. When the properties of any one portion of a 
mass are exactly like those of any other portion, the mass is said 
to be homogeneous. Whether a substance is called homogene- 
ous or not depends on the point of view. One part of a brick wall 
is just like another part, and so it may be said to be homogeneous; 
but if wc compare minute parts we find in some spots brick and 
others mortar and so there is a limit to its homogeneity. So 
water is regarded as homogeneous unless we are dealing with por- 
tions so small that the molecular structure is significant. 

If the various physical properties of a substance are the same 
in all directions throughout its mass, it is said to be isotropic. 
Water, glass, and mercury arc isotrox>ic. Most crystalline sub- 
stances are not isotropic, and may be called anisotropic. 

241. Crystals. In solids which pass slowly into the solid state, 
either difcctly from vai)or or as the result of the slow cooling of a 
fused mass or of sei)aration from a solution, there are often formed 
masses called crystals which have regular and distinctive forms 
and are bounded by jdane faces. 

The crystallization begins at certain isolated points and the 
minute crystals gradually grow in size, until they may meet and 
form a solid agglomeration. 

The study of the fundamental crystal forms has led miner- 
alogists to divide them into six classes or systems. 

Some idea of the cause of the formation of crystals may be 
obtained by considering the forms which may be built up of shot 
when placed together so that each shall touch as many others as 
possible. Suppose such a pyramid as that represented in figure 
129, where one layer is incomplete; if we think of it as a growing 
crystal in which the balls represent the atoms and suppose it im- 



i 62 


PROVKKTIK^ OF MiVrrKR 


mersed in a medium, in which tlu‘re art* irct* 
it, there will clearly be a tendency for !*> till r»iit the in 

complete surface, for an atom will touch natre iieij!hiH>rH wfirfi 
placed along the iiK:omplete tMlge than a.iiyu h,-; r elrnn ami -o may 
be conexaved to be more powerfully attracttil iiilo fltaf po.Niiii iin 



another, and that whim built 
similarly oriented or directed. 

llic exact atomic arrange*! 
has been found by the ustt of 


In lUt'OCi* a ng,urc iHHuiiJinJ, 

by fdaru* surfai/cs wiiuld resiili. 

d1u* piling t>f ball- woul! give 
tlu* crystal forin^ t"harai,l«Ti>tit* 
of tin* lirst or riioilar >y^*tri!’n !iuf 
to explain tin* variety of tryMial 
groups it is necessary ftt NU|i|>uM* 
tluit tin* att>ms tluiiC'-.rlvrs have 
proptu'titss diflm*i*iil in one tlirrC' 
tion from wiiat tluyv !ni\'e in 
up into crystal birms ihr*y art* all 

nmt in ma,ny variiiies of crystals 
X-rays as t!escril)cd in § UTlh 


Ih.AHTHUTY ANO VlSOOSITV 

242. Stress and Strain. When a ptuiion «if rriaftf*r is aiiiai 
on by fo,rces tending to d'uinge its si/.e or aliaia* it said to be 
under stress^ and the ac<‘ompanyin;' distortion or t liangi:^ in vol- 
ume is called the sirain. 

A stress lending to stretch any iKUiion cd* matter i ailed a 
tension^ while a stress iinnling to shortim it is callrd a 

Stress is measure<i by force |>er unit surface, as in per 

square inch, or in grams or dynes pi*r si|iiare ceiiliiiielna 

243, Strain Ellipsoid, When a Ixaly is slnitiiecL a sttwdl 
spherical portion of it is in general c,listorted info an ^ !lp * -^id arid 
the axes of the ellipsoid are the three prim ipal ilirerticne^ iif .Hfraiii 
at that point. 

When the strain is the same ovcrywlnar fhrouidiont ,a !iody, 
as in case of a stretched wire, it is said to be m In 

such a case the strain ellipsoids are alt alike and ;-imlln'ty dtiKtled, 
as shown in figure 130. 
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When a fluid is compressed the strain is homogeneous and the 
ellipsoids are spheres slightly smaller than in the unstrained state. 

The disti'ibution of strain in a bent beam is shown by the 
ellipsoids in figure 131. The strain in this case is not homoge- 
neous and there is a surface of no strain indicated by the dotted 
line. 

244. Resistance to Strain. A body is said to be elastic if 
after having been strained it springs back to its original form 
when the stress is removed. If the stress is the same for a given 
amount of strain, whether the strain is increasing or diminishing, 
the body is said to be perfectly elastic. 

When strained beyond a certain point called the limit of elas- 
iicily, sul)stanccs yield permanently and do not return to the 
original slate when the straining forces are removed. In this case 
there may be a great internal stress while the body is being 
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Fig. 131 


strained, Init on a very slight diminution of strain the stress en- 
tirely disapi)(‘a.rs. Putty, wet clay, and lead all exhibit this per- 
manent distortion under comparatively small forces and even 
when tiu! strain is small ; while india-rubber is remarkable for the 
great strain which it can experience without passing its elastic 
limit. It is said to have a wide limit of elasticity. 

Kven within the limits of elasticity most substances show a 
lime lag in returning to their original state after having been 
strained. Thus when a steel wire is firmly clamped at its upper 
end, if the lower end is twisted through an arc well within its 
limit of elasticity, the wire when set free returns at once nearly 
to its original ixisition, but creeps very slowly back through the 
nmuiining distance. This lag is found in metals and in glass 
but quartz fibers are remarkably free from it. 

246. Hooke’s Law. In small strains of elastic bodies the stress 
is proportional to the strain. This is known as Hooke’s law, 
having been enunciated by him in 1676. According to this law, 
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a long sj)ring when stretrhod 2 tan. will twirr tin* fom* 

that: it would if stretdti‘<l I cm., and the fcnsiun required to 
stretch a spring a small distmua^ is tHjual flu* |U'C'.>iirr wticn 
the spring is comprtwt'd an ta|ual anunml. 

("areful ex[)enment, however, shows that flu* law is n<»! vx. 
actly true. j\:Iost suhstanct*s olTer slightly movr rr^^i '4aiiM.* fo a 
given small c()tnf>ression than to an i‘(|ujd extensitui 

An illustration of this law is affordt^d by the ortlinarv ‘quing 
balance in whicli etjual tlivisions of the scale loiresfHuid to equal 
increments of wtnglit. In this ca.st' llu* elongafitm tU' t el^ll|»ros^^nl 1 s 
of the helical spring may l)e rt'lalively wry grr’;iK yd, !,ir‘eaii,se 
of its shape tlit‘ distortion or strain of any little |«irfioii is r\ 
tremely minutt‘ and Hooke's law holds very ruMiiy inie, 

246. Elasticity. In ehistic hodiis the elastiiify h‘* measured 
by the ratio of the stress to the corresponding strain. 


hdaslicit y 


St ress 
strain 


In bodies which ar(‘ luunogcMunms and isotropie flierr’ are twto 
principal kinds of elasticity, that in virtut* of wliith tlie lindv 
resists change of volume^ and that resisting eliaiirte of shai«e 
The .first, is called v(,dun'U" dasticity and tin* second rigidity. 
Volume clastidt.y is possissed l>y all l>odies, .lluiil.s a^ welt as 
solids, but. rigidity is a. characteristic of solids, 

In some strains b(.)th of tl'u\s(* elasticities are iriveilved; for in- 
stance, when a wire is stndehed thd’c^ is a sidewise^ roit I rat1 ion 
as well as an elongation, so that tlie resistance to slreti'liiiig 
depends on both the rigidity and volume rl.tdidf\ of tin* siifi- 
stance. The elasticity of stretdiiug, or r*.mprr d.*h itit" 

portant in engineering that it has reeeiveii a special iiaaiic’ and is 
known as Young's niodulu.H. 

247. Volume Elasticity. When a iHicIy i,s so Htraiin*d tiial 
every little cubical [lortion is compresstHi into a siimtli’r ciilie 
the c.orn'spondiiig stress must he a pressure eiiiial in al! dirrdioiis, 
provided the substance is isotropic or e(|ua!Iy iMUiprrdbh- in 
every direction. 

This kind of stress is calleil hydrostatic pi'i- .mo Imc.utiise it 
is the only kind of stress that can exist in fluids at rest. 
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The volume elasticity or bulk modulus of a substance is the ratio 
of the increase in pressure to the corresponding compression per 
unit volume. 

Thus this elasticity will be represented by 


Volume elasticity 


pressure increase 
change in unit volume 


where p is the increase of pressure cans- C-O 

ing a contraction v in a total volume F. 

dlic volume elasticity of a solid may ^ li ^ 

be found by subjecting a long bar of the 

sul)stance to hydrostatic pressure in a g 1 

strong tube- having thick glass windows 
through which its change in length may 
l)e observed by fixed microscopes. | C ^ 

248. Compressibility of Liquids. ^|l | | 

Liquids are, as a rule, somewhat more ' "q ^ 

compressil:)le than solids, but on the | 
other hand so great is their resistance to ■ ;q.:' . il 

('ompriNssion that for most practical I j;,: | 

purposes they may be treated as if in- ; 
c.omi)ressible. • 

c'ompressibility of a liquid may • 

be measure, H I l)y the apparatus shown in ! ; j | 

ligure bl2, known as Oersted’s piezom- |,|| iWj j| 

eter. In this instrument the liquid to 

be testcal is contained in a bulb of glass c~ fZ Jh 

terminating in a long narrow tube of uni- ^ 

form diameter, open at the end and care- _ ^ 

fully gnuluated. 'Phis bulb A is sur- pfe^omeref^ 

rounded by water in a stout cylindrical 

vessel of glass and subjected to pressure by means of a piston 
foraged in by a screw. A globule of mercury in the narrow tube 
sei)arales the liquid in the bulb from the surrounding water. 
¥rom the number of scale divisions through which the mercury 
moves down toward the bulb as pressure is applied, the apparent 
comj)ressibility of the contained liquid is determined, the relation 
between the volume of the bulb and the volume contained in one 
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division of the eai)illary tubt* having becii la'rvjuiidy a ^ 
Although the }>ressurt‘ is tlie sanu» on live oul'd<ie «»| tlir' 
on the inside, its volume (limiHis/u's in etaiM’t jurne’i'^ of fhr ei im- 
pression of the glass of whieh it is madia so that fhi* 
gives the dilfvrcfirr l)et\vi‘en llu‘ e«>niprt- -ddnlit y o! fie/ Itijiiid anti 
that of th(^ glass l)u!l). 

A thernionieler givers tiu* temperalun* of ilia liquid ^ d. 

and the pressure may h(^ <h‘l(a’mined from flu* afiaimit it! eom. 
pression observed in a Iu 1 h‘ . 1/ i'onlaining air am! plaet'd ojna* 
end downward in the eylinder. 

249, Elasticity of Gases, In ease* of a gas it i:- nrai/'vairy io 
distinguish I)etW(‘en its (daslic'ity wht-n t!ie frmpmatiiir is ki-pi 
constant during the (‘omf)r(‘ssion, and its ida/iitify wlteii coin, 
pressed so suddenly tliat then* is no time for iIh’ tlnv <»l htait to 
take place, d'he lirst is <‘allt‘d isothermal riasfiiity and ihe 
second adia-halic elasticity; tlie latter is always grisiteia being* 
in case of air, oxygen, liydrog.m. and nitrogen, alioiif 1,10 timrs 
as great as the isothermal idastitaty. 

"t'hc isothermal ehisticaty of a gas ntay lie eali'alaferl I'rutn llmlr’/i law. 
SupiKisc the pressure is iiuTcased from p to p\ the tlriiTiisr in wilt 

be V v' and we have 


But by Hoyle’s law pv pY, tln^ndore 


and 


p i/ 

// V 

t t , 

P* ^ 


Substituting in (1) we fmd 

K - p^. 

But the difTerence lietween p and p* is H«|>|:H»serl niiKiil sat ilsiit 

for gases kept at mmkmt kmpmiiun the vaiume akMkiiy is tipnii ia Urn 
pressure. 
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VOTAIME ELASTICITY AND COMPRESSIBILITY 


SmiSTANtiE 

Temp. 

COMPRIiS.SmiLTTY 
IlSr '4;! ! i 

Volume Elasticity 

OF \ V.:. ;-"i{ 

Atmosphere 

Dynes per Sq. Cm. 

Lbs. per Sq. Inch 

Steel 


0.55 

188.00 X 10^<> 

27.00 X 10» 

(IlllHH 


2.44 

41.00 X 10“ 

6.00 X W 

Mercurv^ 

(r 

3.00 

33.00 X 10“ 

4.8 xlO® 

(ilyet‘rin 


25.00 

4,0 xl0“ 

0.58 X 10« 

Walt'r 

20'^ 

46.00 

2.2 xl0“ 

0.32 X 10« 

Iblher 

20'^ 

191.00 

0.52 x 10“ 

0.07 X 10« 

Air ( 1 

[ presHure j 


1,000,000.00 

1.00 Xl0« 

14.7 


260. Rigidity. If a cylindrical rod or wire is twisted about 
its axis without change of length it may be imagined divided 
into sections of equal thickness, in each of which there has been 
no change in volume but simply a distortion 
of the little elements of which it may be 
ccmccived as made up. 

'Take such a little block as that repre- 
sented in iigure 13;L If the base CD is 
(irmly lixed, a force F applied to the upper 
surface will strain it into the position A'B' , 
just as a thick book lying on a table may be pushed out of shape 
l)y force applied to the upper cover. The strain in this case is a 
pure distortion without any change in volume and is called a 
^liear, and the forces bringing it about constitute a diearing stress. 
''Ihe strain is measured by the ratio of the displacement A A' ox 
X to the height h, while the stress is the force applied per unit 
area; or if S is the area of the upper surface of the block the 


A A> B B‘ 



Fig. 133 


. F 
stress IS -v 


The rigidity n, or elastic resistance to distortion, 


may therefore be expressed thus: 


F 

— = stress 


^ = strain 
h 


Rigidity = n 


F_h 

Sx 


( 1 ) 
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In case of a wirt^ clani|)e<i at on<^ end arnt f\vi>tefl ,-t! I fit- inlier, 
it nia\" l:)e naithematically dtanonstraU'd tliaf the naaiunt 
the force of torsion T is expresstal hy tlu* fornuila 

Trrhi 

' " LV ■ 

where fi is the coc^lhcient of rigidity of tin* >uh-fiiiu'o uf whitli 
the wirc‘ is n\arl(‘, r is (la‘ ra.dius t>f its iTn>s mtiSuic ajtd / its 
length, while a is tin* angle (in radiatC'O Ihroygh whii !i it is 
twi steel. 

By nHs'isiiring tlu‘ inonnait of forct' ret|nirrd Im tu i-f a itiven 
wire through a nu^asured angles the eotilHient o! rigidity uf itw 
substa.ne(‘ of whitii tlu' wire* is nuule' may In* dtierminiMi In'" itic* 
use of this formula. 

Runroj'v 


Steel S2 

Brass. ...... as 

Cikss. ...... 21 


H)'” dyTU‘S |U‘r .sq. <'in.. 12 <1 Ilf Ih-., |,»ri 
10 ‘" “ r. 5 Ilf •' '• 

HP a 5 Ilf '■ 


261. Young’s Modtilus. Wdieti a rod or win^ is sfnii lied Ity a 
weight, the elongation is very mauiy pro|M,rf !..o;d fr> thv "drctelf'- 
ing 'force, and exaslly I'lroportional to lire length of file wire. 
In this ('ase the st"rt‘s.s is the forct* per unit cross sretion ;tnd the* 
corresponding strain is the tdimgalitm per uiiil lengifi. The 
ela.sticily of sirett'h for tlu.* suhstama* of whielt flic wire in made, 
or Younj^'s' minhilHs, as it is eommonly called., may tie r'*, orr rntr.t 
by V and is determineil hy tlu* ratio 

r ^ /y 

. .sv' 

^ strain 

where F rejiresents the streleliiiig forte, e the ehtiif-alioii (»f the 
wire, I its length, ami .S' its cross .section. 

V(ir\t,'s Momn.us 


Copper. . . . . 

. . 12 X 10** dynes per sq. era., 

, IT m If. 

.Ih'ass. 

. . 11 X 10'' 

». ** 

in 'x uf ' 

1 r(„)n 

. . It) X 10" “ 

O M 

27 im '' 

Steel 

. . 22 X 10" “ 

*i if, n 

32 X Iff ' 

Tungsten. . . . 

. . 41 X 10" " 

«i it u 

fill X UP * 
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262. Beams. When a floor beam sags under a load the upper 
part is compressed and the lower part stretched. But the re- 
sistance to longitudinal stretching or compression is measured by 
Young’s modulus, so that the stiffness of a beam is proportional 
to the modulus of elasticity of the material of which it is made. 

In case of a beam supported at both ends and loaded at the 
middle, the sag or deflection y at the middle is expressed by the 
formula 

FP 

y ~ ' 

4JPbY 

where I is tire length of the beam, b is its breadth, and h its 
licight, F is the loacl, and Y is Young’s modulus for the material 
of the beam. 

From this it appears that a beam having twice the breadth 
of another would sag half as much, other things being equal, 
while if its depth were twice that of the other it would only sag 
one-eighth as much. For this reason floor beams are placed on 
edge, the breadth having but little influence on the stiffness 
i‘oiupa,r(‘d with the depth. 

263. Viscosity. When a solid is strained beyond its elastic 
limit the strain may go on increasing indefinitely at a rate which 
dei)eruls on the stress to which it is subjected. Most metals 
show a viscosity of this kind when the distorting force is great 
enough, as seen in wire drawing and in the making of lead pipe. 
A slrif) of lead when stretched with a moderate weight will con- 
tinue slowly elongating year after year. A glass fiber fastened 
at one end and having a small twisting force applied at the other 
will twist more and more as time goes on. 

But when a substance yields continuously in this way to the 
very sniallesi forces, as in case of tar, pitch, or syrup, it is said 
to be a viscous Jluid, In such a fluid one layer slides over an- 
other with a velocity which depends on the stress and on the vis- 
cosity, tlie slower the motion for a given stress the more viscous 
the sul:)stance is said to be. 

Viscosity may be considered a kind of internal friction between 
cont iguous layers, and the energy spent in overcoming it appears 

as heat. 

All known liquids and even gases are more or less viscous, 



rK()!M<:mKS of maio’fr 


170 

and in consequentT energy is sjunit in h^af an*! tfirre iv lijss 
pressure (§2.11) whenever a Iluid lltnvs tliruiiyli a hniii pipe. 
The outer layers next the wall of the pipi^ are Meaa'l> •Uatiuiutry 
in such a case, while tlu^ velocity eyf lltnv inerra>r's luuartl tiw 
center or axis of lltt* slrtaim. 

The usefulness of a luhricat ing t)il deptaufs. aniony eUltta- things, 
upon its viscosity. If not viscous taiough if will lie Miuee.ad uiit 
of the bearing, while if too viscous it will of'irr acrdlrv, rt-dq-. 
ance to the motion. 

The viscosity of a iluid may Ik* dtUen-minv**! frMiri flu* fiiur re*^ 
quired for agiven (luanlity to <‘scape tlirougii a Itmi' lu'be oi -*iua!! 
ciiameter, or it may he found by an apoa.raPa ■ callrHi a visinsim™ 
eter in which a long Inner rylindta* is sup|>or!fai !,iy a loiadon wire 
in the axis of an outer tylindrii'al tuln* wliicli r'un hr rotated. 
The space betwernr the two tubes is lilh'vd with I lie oil or oiliia 
liquid to be tested and the torsion effect on llir^ iriiier 1 \*!inder is 
measured when the outer oiu* is turning at a i'‘oirHtaiil rate of 
speed. 

The viscosity of a substance depends on its Ciimv* and 

it is noteworthy tliat heating a liquid makes li less idst'ans, uiiiie 
the opposite is irue 0/ gases. 

264. Energy Absorbed by Viscosity. d1ir **1 tnrtes tln'oiigli 

viscosity is well shown l)y the following twpnriinrnl , *hie frt |j»rd Kelvin 
(Sir William Thomson). 

Take two eggs, tme ra,w and (me hard lioiled, liiitl sii'peiid radi lila:* a 
torsion pendulum ly means of a linr wire ntlaclird fo *1 wire niiug nirkraiig 
the egg, the long axes <d tfie eggs being vertival; gi%"'e t-arli rgg a liirii 
or two and let it go. The Innled egg will omtiiinr onr illatiiig for a long lititr, 
while the raw egg will almost immediat*»ly nmir to r«^a. 'Ilie 
motion of the shell is so ni|nd that the inner layers of ilie raw' t4i|i on the 
outer ones by their inertia, and tlie internal frulion t*r siMsrMy of tiie egg 
causes the energy of vilaation io he lost in heat 

This princiidc has l)een applied by Lord Kelvin to preve'rii llie violeiil 
swinging of a mariner’s amipaHS, due to the motion of the Utr runt’ 

pass box, hung on girnl^als scj that it am .^^wing freely m any dirntioit 
made with a doul>le bottom, and the Sfuna* twUveeii the Hvii i,!^ 

partly filled with a viseoim liquid, such as glyeerlit. After any di'^tiirliariee 
the glycerin flowing between the two surfaces i.if llie laet I riirr^loriiii^ tlie 
energy of motion into lieat, and the l.m is prom|d!y brmiglit to rrsl. 

266, Internal Friction in SoHdi. When a vlbratiitg ttirilfig fork m 
placed in a vacuum and supptjrted In auch 11 way iliiit tm a|i|freciiilile 
vibrational energy is communicated to its nupi^rt it is found llial Ilie vlbrsv* 
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tions die out at a rate which shows a considerable frictional resistance within 
the solid of which it is made. All solids, however little they are strained, 
exhibit such an internal friction which resists the strain. This internal 
friction is of a different nature from the viscosity of a liquid. In solid bodies 
vibrating at a given amplitude the energy absorbed in friction for every 
vibration cycle is the same, whether the vibration be performed rapidly or 
slowly. 


Diffusion and Solution 

256. Diffusion. If a strong solution of copper sulphate is 
introduced by a tube into the bottom of a tall vessel containing 
pure water, the denser blue solution will at first be sharply sepa- 
rated from the clear water above. By degrees the sulphate will 
be seen to steal upward into the water until in time it will be uni- 
formly diffused throughout the liquid, just as a gas expands and 
iills a vessel in which it is set free, though diffusion in liquids is 
extremely slow. 

Stirritig a mixture of two liquids increases the surface through 
which diffusion takes place and so greatly quickens the process 
of comi)]cte mixture. When ho diffusion takes place between the 
liquids they will not mix. 

267. Interdiffusion of Gases. Gases diffuse into each other 
very freely, as shown by the following experiment. Two globes 
are connected together, the upper containing hydrogen and the 
lower carlxinic acid gas. In spite of the density of the carbonic 
acid being 22 times that of hydrogen, it will diffuse upward and 
(lie hydrogen downward till finally a uniform mixture will fill both 
vessels. Each expands and fills the whole space as if it alone 
were present. 

268. Solution of Solids in Liquids. When a solid is placed 
in a liquid a certain amount will be dissolved, after which no 
more will l)c taken up, and the liquid is said to be saturated. 
The per cent that can be dissolved depends not only on the sub- 
stance, but on the l,cMnj)erature, solubility usually increasing with 
rise in temperature. 

The volume of the solution is usually less than the combined 
volumes of the two constituents and the process of dissolving is 
often a('comi)a,nied by a change in temperature. 

Solutkm of Liquids in Liquids, Two liquids that diffuse into 
each other may either mix in any proportion, as in case of water 
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and alcohol, or oiu^ may only disstflvt^ a lirnilt^d aiianiiit nf the 
other, dims if waU'r and etlu'r are stirrt*d tugeflai' a! a ra 

tureof lif (\, the mass will separaf<‘ itUn a lower laviM* of water 
containing 10 p(‘r cent of (‘flu*r and an npper layer ot i-tlier c on- 
taining per cent of wa.ter. At 10'' K. efher will tli:.<.,ulve any 
amount of water less than l,i per c'cnt, and water will di-.>olve 10 
per cent or less of tll'un". As tlu* tempm’uf art* is rai'-ml wafan* will 
dissolve less ether, while (‘tlu‘r dissolves niore water. 

259. Solution of Gases in Liquids. Some liquids, stuii as 
water, <lissolv(' all gases more or less freely. When there is 
simi)lc solution without eluanii'a! union the is ateautied most 
freely when llie li<[uid is et>ld and is driven «»!! wlien ilie !if|uid 
is heated. Thus when watcu' is heatecl tin* al»s«uhed ati e i apr;> 
in l)ul>t)les before boiling takes i)Ia<ac 

The'amount of gtis al)Sorl>iaI by a givt*n lit|nid is |H'o|M»riienial to 
the pressure. Soda waltT is <'hargetl witli lairhoii dioxidt*' gas 
under imessurty ami when the pressure is rt'lievetl ilie gas r*seaprs 
in bubl)les, causing effervestauKa*. 

The power of water to alxsorb various gases is shenvii in the 
following table, tlie figuiaxs giving the voliiim’ of ga,** ai one atniiis^' 
pherc pressure al)Sorlaal lyv lunt vohutn* of water. 


AnSORP'nON OF (tASHS \X WALCk 



\i n’t . 

\t tv'f 

<)XVW‘» 

0 tun 

i 0 u:io 

UyUrogen 

0 oei 

' 0 ufii 

Nitnkgfii . . 1 

n tea 

: 0 urn 

(!arbonk‘ ark! gus4, . . , j 

' I 70 

1 m 

Ammonia 1 

1110 00 

1 on 


260. Absorption of Gases in Solids. (Vrtaiii jiorotis Maliils 
have a great power of al'jsttrbing gases, iki^woot! |■’flarielaJ will 
absorb 90 times its volume r)f amimmia and Mo Vidiitiies of iiir'" 
bonic acid gas. 'Fhis ah.sorption seems in lie due in tin* rondeii"- 
sation of a layer of gas on tin* .surface of tfie f>od>\ 

It is by the condcmsalion of a siirfaee film of gas over *1 lK«1y 
that the so-called .Moser's lireath Itgures are ‘-xplih-ir’d If iui 
engraved die lie for some time on a iMillshed plate fil riielal or 



DIFFUSION 173 

glass, on. removing the die and breathing on the plate the engraved 
image is seen. 

Platinum in the porous state, known as spongy platinum, 
absorbs hydrogen gas so powerfully that if placed in an escaping 
jet of hydrogen the heat developed by the condensation is suffi- 
cient to ignite the jet. 

lliere is what seems to be a true solution of gases in some solids 
discovered by Ckaham and called by him occlusion. By heating 
iron wire and then allowing it to cool in an atmosphere of hy- 
drogen, it was found that it occluded 0.44 times its volume of the 
gas, while platinum occluded 4 times its volume of the same gas. 
ft is probably in consequence of this that hydrogen readily dif- 
fuses through iron and platinum when they are red hot. The 
most remarkable substance in this respect is palladium, which 
absorbs 9()() times its own volume of electrolytically developed 
hydrogtm and at the same time expands about of its volume. 

261. Colloids and Crystalloids. It was found by Graham that 
a <Iia]>hragm of parchment or bladder would allow certain sub- 
stances in solution, such as salts, to freely dif- 
fuse through it, while other substances, such 
as albumen, starch, gum, glue, or gelatin, 
could not pass through or only very slowly. 

He was led, therefore, to divide substances 
into two classes, crystalloids and colloids 
(from the Greek word for gh4>e), which could be 
separated in this way. 

262. Osmotic Pressure. If a strong solu- 
tion of sugar or glucose is placed in a vessel 134. Osmotic 
opening above in a tube and closed at the piessure 
bottom with a membrane, such as a bladder, and if the whole is 
set in a vessel of pure water, diffusion of water takes place through 
the meml)rane, and the solution accordingly rises in the tube 
until the pressure of the solution in the vessel is sufficient to pre- 
vent any more water from entering. The increase pressure in 
the interior when equilibrium is reached is known as the osmotic 
pressure of the dissolved substance. 



Such a membrane, however, is not suited for measurements of osmotic 
pressure, for sugar diffuses through it to some extent, though not as rapidly 
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as water, also it lacks itie strength nwl rigidit>’ iieediii f»i tb 

pressure de veio|)e(i . 

PfelTcr showed how to form by chemical rru'uns wiilisn the oitva.iiit r itf ;i 
porous earthenware cup or cell, a ituanhrane whitli eMfirrl aer\'irnis 
to sugar in solution while it freely transmitted watiw, \ 
membrane formeti in this way has great ntechanical and H. \. 

Morse who has greatly impnjved the bfelTer i’ell has hern abU' lo' it-. ifie.uiH 
to measure osmotic pressures as high as 2s atmii;'.|'»lirre'.^, ur too lbs. per 
square inch. 

.Investigation shows tluil t)smotic pressure is prupKUliHiial n» flic numtit'f 
of molecules of the diss »lv(*d substana* iit 1 gram uf '.uhriit, aard wlint 
aqueous solutions of different, substances Itave ef.}nal u:art<»ftr pf r-vairr-,.. the 
number of molecules of dissolved .substance per gram «d ptut* Mhiifi is :hr 
same in one as in the other, just as equal v«dumra «»t' ditiia'mii ga-a’a at 
the .same temperature and pre.s.sure contain equal immlai's »»!' ftsdin ules 
(Avogadro’s law)* 


Capillarity and StiRFAtq*: 'rpxsn^x 

263. Capillarity- Under this head are gniu|HaI ;i iiuniher 
of phenomena depending on t.h(* forta^ of rcdtt*sic»n a! !if jiiiti -uir- 
faces. Some of these a.rt‘ the upward (.n,irvaf ure of ifir surface of 
water where it 'meets the si<le of a. glass vesse!. the cliiigitig I0-- 
gether of light l)odie.s floating on the surface of water,, tltc forms 
of drops and. bul>l)les, and the rise of litjuicls in tine .hair like or 
capillary tubes. (Latin mpillus, a hair.) 

To understand these I'dienornena. we miiHt first r*xaiiiiiie how 
the conditions at the surface of u liquid <liHer from those in its 
interior. 

264, Surface Tension- If a mass of olive oil i.s lloaleft in ii 
mixture of alcohol and water of tlie same density as l In* oih if will 
gather itself up into a s|).herical ball. Draw it out l.ty rrieauH cif 11, 
glass rod into any long or irrt*gular sliajKu a, nil as soon as it is 
left to itself it retiirns t<,) its spherical forrip e:^aclly as if i'ovi.*re.d 
with an elastic skin. When a camiTsdiair liriisli is iriiriierseil in 
water the bristles stand apart as freely as in air, tail wlieit it is 
withdrawn t,hey cling together by the coiitnui.icni of t!ie surroitiiii'- 
ing water surface. Wet threads ding i^Kwllu r w?!te« drawn cnit 
of water. So also a drop of mercury resting on a liilile h di'awri 
up into a smooth rounded mass by the contnietiori tlie mtrliwe, 
in spite of the weight of the mercury which tends to Iktieii il out. 
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266 . Cause of Surface Tension. That the particles of a 
liquid attract each other and are held together by a strong force 
of cohesion may be shown by the water hammer ^ which is a bent 
tube (Fig. 135 ) partly tilled with water from which the air has all 
been Iroilcd oiit^ the tube having been sealed 
up while boiling so that it contains simply 
water and its vapor with scarcely any air. The 
absence of air causes the water to strike the 
end of the tube with a sharp metallic click 
when it is shaken, hence its name. If the 
water is all run into one arm of the tube, com- 
pletely lining it. and is jarred into good contact 
with the sides of the tube, it may then be held 
in the j)osition shown in the figure and the 
water will remain in the full arm in spite of 
the fact that the pressure of the vapor in the 135 Water 

other l)ranch is quite insufficient to sustain the hammer 

column of water; for if a slight jar is given to 
the tulie, the liquid sinks to the same level in each branch. In 
this case the column of water is sustained by clinging to the walls 
of the tul)e and by the cohesion of one particle to another, and 
it is under negative pressure or tension as much as is a rope sup- 
porting a weight. 

I^ut this force of cohesion can be detected only between par- 
ticles that are (exceedingly close together. 

II1C small distance within which all those particles lie that 
have any sensible attraction for a given particle may be called 

the radius of the sphere of molecular 
attraction. If the spheres of action 
are represented by the circles about 
A and it is clear that the particle 
at A is in equilibrium, so far as the 
cohesive forces are concerned, being 
equally drawn in all directions, while 
B, which is nearer to the surface than the radius of the sphere of 
action, has the downward attraction of liquid below the line ab 
balanced only by the upward attraction of the medium above the 
liquid surface. If the latter is^a free surface with air or vapor 
above, the downward attraction will be in excess and the tend- 
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ency is to <lra^ particles away from tla^ stirtace ami into the 
interior of the liciuid. In consetjiuauv of this the -‘Urtaei* tviuh 
to contract. If the upi>er surface «vf the li«|tn<! weft- in coritait 
with a substance whose attraction for i\w partii'lr^ /:? wa> yreutiT 
than that of the liciuid below <//c the upward atfratlion wcnild be 
in excess and the surface would ttaal to (adaryc. I iim- a drop uf 
oil on a clean glass plate will spread out ov(‘r the whole Mirimr 
of the glass. 

Some idea of the sizeof the spluaTsof atlratiion nuiy In* inrmed 
from the study of soap films. 

Let iigurc‘ 137 r(‘pres(‘nt a, sec1i<Hi a soa}» film in wtiitii the 
circles indicate the spheres of attraction, ihirlii h-. in tite middle 

of tlu* fdnn !>etween the two iiotled 
r\ ^ T' ~ " lines, art* farther frmn the ?mrtai*e 

■A'--’" ; than tin* rarhus the .’'■•pliere of 
ac.iiom a.ml no cliawge in the eoiC' 

tractile f<»ree tif tin,* film to be ex 

Fig. 137 I'HH’ted so long as tlie !\ve» surfaces 

are thus t «miparat i\rf\ iiidepriifieitl 
of each other, but if the film is niadt* thinner thaai lh«* diamtiia’ of 
the sphere of action a cha,ng(‘ in the tension <»f the liliii to be t*x-' 
pccted. Such a change a. sudehm decrixtsc in tension is ote 
served when the thickness of a, soa|> him is about lito iiiilhont iis 
of a millimeter, indicaiting that tlu* radius of the si'dierc of atlioii 
in the soap solution is about nO millionths of a 
nullimcter. 

266. Measure of Surface Tension. 77/1* sNr/mr 
tension of a liquid is the force with which the sur/tii^c 
on one side of a line one eentimeier Um^ pulls tuininsi 
ihal on the other side of the line. 'Phus it is the 
contractile force wliicli a stiuare centimeicu’ ol' surfaca* bldg, i:iHI 
exerts on each of its bouruling sides. In flu* diagram the arrows 
marked T iiulicate ihn outwanl forces dm* to tin* limsioii of flit* 
surrounding surface rec|uired to balance the contraclilr force of 
the surface inside the sciuare. 

267. Surface Energy. If a. strip of stirfai'c inn* i'ciiliriicler 
wide is made one centimetiT longtT than at I'mt, the work done 
is measured by the contractile f^rce or surface tension 7‘ 
plied by the distance that it is drawn out. 1lnis if it is drawn 
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out one centimeter, increasing the area of the surface by one 
square centimeter, the work expended is 2" ergs. This work is 
stored up as energy of the surface and is expended when the sur- 
face contracts. Particles of liquid near the surface have thus more 
energy than particles in the interior , and the increase in energy in 
ergs per square centimeter of surface is numerically the same as the 
surface tension in dynes per linear centimeter. 

The following table gives some values of surface tensions at 
20^ C. 

SURFACl^ inOMSlONS IN DYNKS PER CENTIMETER 


SUHKTAW'K 

Air 

Watrr 

M KRCUUY 

Water 

73.5 


412 

Mercury 

530.0 

412.0 


Olive t)il 

34.3 

20.6 

335 

yMcohol 

24.5 



ICtlicr 

17. G 




'Fhc tensions just given arc for the interface between the sub- 
stance at the top of the column and the one at the side. 

268. Variations of Surface Tension. The surface tension of a 
liciuid dej)ends on temperature, in general being less with higher 
temperatures; it is also in case of water greatly affected by im- 
purities. ’Pour a little water into a flat-bottomed porcelain tray, 
but not quite enough to cover the bottom. If a few drops of 
alcohol are added at any point, the water will rush away from that 
spot in every direction leaving the porcelain surface bare. If a 
droi) of ether or alcohol is held near the surface of clean water on 
which lies some lycopodium powder, this will be dragged away 
from near the drop. The surface tension of the liquid is weak- 
ened l)y alcohol and even by the vapor of alcohol or ether and the 
surrounding uncontaminated liquid with its greater surface ten- 
sion contracts and draws the other after it. In the same way are 
to be explained the lively movements that are noticed when 
minute fragments of camphor are dropped on clean water. The 
surface tension is weakened by the impurity at the first point of 
contact and as the liquid is drawn away from that point the 
camphor also moves, leaving a trail of contaminated surface 
behind it. 
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269. Pressure Due to Surface Tension. Hio r,;)cnl<. 
force of a curved surface produces a i>rt‘ssure iinva,ni 011 fhr 
cave side. Let the figure represent, a. drop of waU/r whirh 
may imagine free from gravity. It will at onci‘ a:-suiiir a tridv 
spherical :form and the liquid will lu* under pres;.;,|irt‘ in ronsil 
quence of tlie tension the surtaie. 

To determine the amount of fins presMire 
consider the <lrop as in two !i;ij\"r*s '‘»e|i;ira1ecl 
by the plant* a!>. All arouinl t lie eireuiiqertiu't* 
of this section tin* surface* tt*n,Hitai judling the 
two halves together, llu* animnit of this 
force will In* 27rr7' if r is the rat|iu> of flu* 
drop and 7' the tciisitm. 

But this force is IxUanced by the prt^.ssure tu' one half ni the 
drop against the other. Calling f? the pn^ssurt* pt*r square ciaC' 
timeter, the total i)ressurc is Tt-p, But siiu't* these Iwti forces 
balance we have 

2iTrT — irrp; 

and therefore 



P 


2T 


Notice that this pressure inert^ases as the si/a* fd I he «ire*p diitiiri* 
ishes, and in a water droi.) omshundretitli of a, inillimeler in «li;inie- 
ter it amounts to 150 grams per s<|ua.re wnlmwlvt, 

This sameex[)r<‘ssion gives the pnr.aue. iliir to siirfaer Iraisinn, 
of the air or vapor inside of a bubble in a mass t»f liqiiiT 

In a soap bubble there is a thin film of the miluikm li^odfig lwt> 
surfaces to be considered ^ Each of these him eonlratlllr forn* and cniiHe- 
qucntly the total pressure nisule ai the i>ubl4e due tit' Hiii'fiiee lei'isiiin is 


where n and r. arc the radii «tf the outer and inner siirfac’es nf llie liiiliiile,, 

resftectively. Since these radii are jjractically eqiiah we Itiive 



SURFACE TENSION 


179 



Contact angle 


270. Contact Angle. When a clean plate of glass is dipped 

into water the liquid rises in a curve against the glass. The 
free surface of the water is here enlarged in spite of its contractile 
force by the expanding force of the surface of contact between 
the water and glass. 

This expanding force or negative tension is due to the great 
attraction between the water and glass, as explained in § 265. 
Let E represent the amount of this ^ 
expansive force or negative tension 
of the surface between water and 
glass, and let T represent the tension 
of the water surface. Then it is clear 
that the liquid will rise until the up- 
ward and downward forces are in 
equilibrium; that is, until E = T cos x. 

The particular angle x at which 
equilibrium takes place is known as the contact angle for the two 
substances involved. In case of kerosene oil and glass E seems 
to be greater than and hence there can be no equilibrium, the 
angle x becomes 0^, and still the edge of 
the oil creeps up. It is in this way that a 
film of oil spreads over the whole surface 
of a glass lamp. 

The case of mercury and glass is different, 
the mercury curves doivn instead of up at 
the line of contact and the angle x is about 
140®, indicating that the surface between 
mercury and glass has a positive tension, or 
contractile force. 

271. Rise in Capillary Tubes. If a large 
glass tube, say, 2 in. in diameter, is intro- 
duced into water, the water rises around the 
edge on the inside until the weight of the 
water raised above the original level is just equal to the total 
upward pull of the contracting surface. This upward pull is 
equal to the tension per unit length multiplied by the inner cir- 
cumference of the tube or 2TrrT, where r is the radius of the tube 
and E the surface tension. 

If small tubes are taken the weight of liquid required to balance 


2t 






Fig. 14L Rise w capil- 
lary tube 
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this force cannot be securetl without riiisiuK evcni tlu‘ riiidi!li‘ a! 
the liquid above the original level, and the snuillt‘r tlie tuln* the 
greater the height to which the liqui<i will rise. Let k re|>rt\seiit 
the average height of the column, then rwh the voluim* iif 
liquid raised; and if d is its density, its weigltt in graiiiH will 
be rTrhd and its weight in dynes rrrfidi^. and this is iH|ua! to t!u‘ 
sustaining force 27rrl\ 

2wrl' rwhd^. 


Hence the height to wliic/i liquid risos iu a ('ofullarv iuho rorlts 
inversely as the radius oj the tube, a relation kntnvn as Juriids law. 

Of course if the contact. angU* is not zero. \ve iniri’a \vritt» 
T cos X in the above formula instiaul of I\ 

The [pressure within the liciuid in a capillary tulie i*. less tlian 
the atmospheric pressure at all points abovi* the teve! surfaiv of 
the liquid in the oi>en vesst'L decreasing ataording to fhr hy 
drostatic law, toward tlie top. Tlie curves! siirfaia* at the 
exerts a back pressure against tlu‘ atmosphere et|ua! to the ju’es 
sure of a column of li(iuid of the height h. 

The height at lohieh a liquid 'unll stand in a ea biliary tube is 
independent of its shape ^ dependini^ only on the size of ike tube tii 
the point where the curved surjaee or meniscus stands, 

A licjuid cannot rise and overtlow’ the Prp of a * .ipin.ii;, lulie, 
however short, it ma,y l)e, for as it reachi*s tin* lo|> the i'urvatiire of 
the surface changes, bec'oming less until its upward \a’r oir is 
just balanced l)y the column of liquid below. 

The rise of oil in lamp w*it'ks aiul of sap in vegeialde liber?^ aire 
familiar instances of cat>illary action. 

272, Depression of Liquids in Tubes, In ciises wli«*re the 
contact angle is great<T than IKhh as lietween mercury and glass, 
the surface of the liciuitl is rounded upward in a Htnall lube and 
the level of the liciuid is dei)r(‘sse<L In this vtm* tlie siirfime 
being concave downward jirothu'cs a tlownwanl prr-- muc Tims 
in a barometer the mercury column stands lowt.^r if. would 
normally do unless the lube is so large that the center of the 
column is sensibly flat. (Sec § 199.) 
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273. Effect of Curvature of Surface. In a conical tube a 
drop of water will be concave outward at both ends, but since the 
smaller surface has the smaller radius of curvature, it will exert 
the greater pressure against the air and the drop will move toward 
the small end of the tube, while a drop of mercury which rounds 
outward at both ends will be driven toward the larger end 
(Fig. 142). Consequently a drop of mercury will be in stable 
equilibrium at a widening in a narrow tube, while a drop of water 
will seek the narrowest point (Fig. 143). 

If a capillary tube is connected at the bottom with a larger 
vessel of water (Fig. 144), when the water in the large vessel is at 
Ay level with the top of the capillary tube, the surface of the 


da 



Fig. 142 Fig. 143 Fig. 144 Fig. 145 


water at /i is Oat. If the level is raised to B in the large vessel, 
the surface at the end of the cai)illary tube will round up, taking 
exactly the curvature necessary to balance the hydrostatic pres- 
sure due to the height of B above £. On the other hand, if the 
level is lowered to C the surface at E will become concave with a 
curvature that will give an upward pressure equal to that of a 
column of water from A to C, 

When a narrow glass tube is dipped in water and withdrawn a 
short column of water will be held in the lower end, the lower con- 
vex surface acting together with the upper concave one to sup- 
port the liquid. 

274. Small Floating Bodies. When a floating body is wet 
by a liquid, the liquid rises around it and drags it down by the 
weight of this raised mass. So a hydrometer with a glass stem 
around which the liquid rises will sink lower than it otherwise 
would. 
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The liquid curves down towa.rd hodit^s whiiij an* itct! w<‘tti*d 
so that the body is buoyed up l,)y the wcdgiil of flu* Iii|uiiJ dis- 
placed in consequence of the curvature, hor insiaiua*, if a vlvim 
needle is laid carefully on wal(‘r i( will tloaf. IPt* iif|iiid is 

bent down wlu^n* it nuaUs flu* laaallr ami 
therefore the volurno t)f watta* disphnaai 
is nuu'h giaader than t!it‘ volume of tlu^ 
lUHailt* i{s(‘lf and so iht* wta'idd of tla* dis 



Fk;. ui] plaet'd wnicv may hv (‘qual te> tile wei^dU 

of tlu‘ nec'dle. 

275, Attraction and Repulsion. \\1u*n the liquid rises annind 
floating bodies they art* drawn togetlu‘r as soon as tiiey are near 
enough for the curvaturt* of tiu* surface due to one to af'iret the 
other. Notice liow small iloatiug pit*ces of wood or cork cling 
together as soon as tluy are wtd, so also bubbles in a cu[» of vtnxni 
cling together, and are also drawn to tlu* sidt*s of tlu* cuj) wini'e 
the surface curves uf). 

If the cup is tilled to the ludm and enough adfied to inaiie the 
surface curve down slightly at the e(lg(‘s, tin* bubblers will om*e 
rush away from the edge. 

bodies which an^ not, wetted ami around whieli flu,* siirfact* 
curves down are also dniwn logtqlun% Imt art* driven away frtrru 
bodies around which the surfa<*e curv(*s u]k 

276. Explanation of Attraction of Floating Bodies. \\1it*:n two 
small tloating objtHds arc* both wed ted the Injuid rises liiglic*!' be** 
tween them, than it does on tlie outsideg as 
shown in the upper part of llgure M7, and simt; 
the |)ressurt5 at any point in the lic'|uicl hightT 
than the level surface is less tha.n the atmos- 
pheric pre^ssmau the prcjssure on the* outside is '' f' "C )(3* 


greater and they are forced togi,*tlu,‘r. 

In the second case the lic|u5d stands higher 
around the tloating bodies on lire outside* than 
it does between tliem, and since the {>ressure 
in the liquid at points below the level surface 
is greater than the atmosplieric prcfssure, they are |,nislit,:‘d towurd 
each other in this case also. 


Pro. 117 


_ But when the liquid wets one and not the other, thr* surface 
IS lowered on the inside of the wetted one and rai.setl on the 
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inside of the other so that in each case the pressure on the inside 
is greater than on the outside and the two are urged apart. 

277, Soap Films, Some most interesting illustrations of sur- 
face tension are found in the phenomena of soap films. When a 
loop of thread is laid on a soap film formed in a wire ring and the 
film is broken inside the loop, the latter will be drawn into an 
exact circle, for it is pulled equally in every direction by the con- 
tracting film. And this circular loop may be moved from one 
part of the film to another without changing shape, showing that 
the tension docs not depend on the width of the film. 

If wire frames forming the outlines of cube, tetrahedron, or 


Fig. 148. I.oop in soap film Fig. 149. Cylindrical bubble 

cylinder are dipped into a soap solution and then carefully with- 
drawn, symmetrical figures of great beauty are formed by the 
films, 

Ry blowing a bubble between two rings and then drawing the 
rings apart until it becomes cylindrical, the ends will be seen 
to bulge out, showing that the air within Is under pressure, and 
the radius of curvature of the spherical ends will be found to be 
twice that of the cylindrical surface. Why is this? 

278. Equilibrium of Cylindrical Film and Formation of Drops. 
If such a cylindrical film is short relative to its length, it is in 
stable equilibrium; but if it is longer than its circumference, it is 
unstable and will collapse at one end and bulge out at the other 
because by so doing the surface will become smaller. This will 
result in its breaking into two bubbles, a large and a small one 
(Fig, 150) , with a very small one between them; a result which is 
of interest, because it illustrates why a thin jet of water breaks 
up into drops. Imagine a thin cylindrical jet escaping from a 
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vessel of wiiLcr. It is under ])ressun‘ sidewise from the eont rue- 
tile force of the surface, but since it is loiiit eiiougli to Ite unstafde 
it yields, hecoininp; lirst undulatory, as shown in the upjier part 
of the ligurc, then finally Ijreaking up into alternative hig and 




6 


Fm. tno. _ BreakinR <if unslahk ir.l. Jet l.rcaking into 

eyliiulfical Inihhie ilrnns 

little drops which are elongated when first se|>arated ami vibrate 
from this to the llattened form, finally settling liown to spherical 
shape. 'I'he.se details were first made out by Savarl; they may 
best be stuilied from photographs made when the stream' is tti- 
stantaueously illuminated by an electric spark. 

PROBLEMS 

1. Find the diaincter of a, drop of water in wliicli tla- pressure is twice 
the atmos|)herie [pressure on its surface, takiiiK surface tension of water as 

74 (lync.s per cm. 

2. 1'wo Hat glass plales, U) X lO nn., placeii fare fare in a vertical 
position aiul scimrated (mly by bits of tinfinb have the lower eciges ino- 
mersecl in water wliich rise.s and tills the si>are InHwvm tlie idates. Find 
how much less the average pressure is between the plates than i>n the otilsirle 
tind thence hnd the. force with whieli titey are pressed together. 

3. In case^of a soai> hu!>hle n cm. in diameter, how much greater k the 
pressure within the bid)ble than witliout? I'ake surface tension 7CI dynes 
per cm. (Jive answer in dynes and also in graitus per .hc|. cm. 

hydrometer having a .stem 8 mm, in diameter floats in water, 
W,ith what force due to surface tensimi of water wetting its stem k it inilleci 
downward? ' ' " 

■f -fu deeper will the hydrometer in the hist protdem sink than 

It It had floated in a liquid of the same density that did not rise on its stern? 

Amc 3.8 mm. 






KINETIC THEORY 


185 


Kinktic Theory 

279 . Kinetic Theory of Gases. It was shown by Daniel 
Bernoulli (17()()-1782) that the pressure of a gas could be best 
explained as due to the impacts of its molecules against each 
other and the walls of the vessel. In recent years Clausius and 
Maxwell especially have developed this theory, showing that the 
characteristic properties of gases are in harmony with it, and it 
is now generally accepted as giving a true conception of their 
structure. 

In tins theory it is assumed that the molecules of gas are con- 
stantly striking against each other or the walls of the vessel 
and relxninding. When two molecules approach each other, at a 
certain distance they experience a repulsive force which increases 
as they come nearer until further approach is stopped by the 
force and they arc repelled apart or rebound. The distance be- 
tween their centers when they are nearest together and about to 
rebound is called the diameter of the molecule. The molecule 
on rebounding soon gets out of the influence of the other and 
then flies in a straight line until it meets another from which it 
nTounds, cither directly or glancing off sidewise, changing both 
its own motion and that of the molecule against which it strikes, 
and so it continues its path, zig-zagging about. The average 
distance that a molecule travels between two successive impacts 
is called its mean free path. The velocity of a particular molecule 
is doubtless changed at every impact not only in direction, but 
in amount, sometimes increased and sometimes diminished, but 
there is no loss of energy on the whole; whatever one molecule 
loses the one imi)a,ct,ing against it gains. The average kinetic 
energy of the molecule, and consequently its average velocity, 
remains unchanged unless energy is in some way communicated 
to the gas from outside. 

280 . Pressure of a Gas. An expression for the pressure of a 
gas may be deduced in an elementary way by neglecting the size 
of the molecules and their impacts against each other and con- 
sidering each molecule as rebounding only from the walls of the 
vessel. Imagine a cubical vessel one centimeter each way, and 
for simplicity conceive the whole number of molecules N con- 
tained in it to be divided into three equal groups, one group 



i86 


!’R()i'i-;R'rn-:s of ma'I’I'I'K 


reboundinj^ between IIk; sides Al) an<i BC and produein,ic I>res- 
surc against them, the other groups being directed against flu> 
other pairs of sides. If I" is liie velocity of a molecule, it will 
strike against the side BC once every time that it tra\'els across 
the vessel and back again, a <listanct‘ of 2 cms. 
The number of im[)acls i)er .secotid of one nioie- 

c cule against the side BL' will therefore lie * . 

The momentum of (he molecule before impact is 
•/h 1’ toward the .side, after impact it is ml' in the 
ofiposite direction; (he total change in momentum of (he molecule 
in one imiiact is 2m I' where m is ( he mass of the molecule, Rut 
V 

there arc - impacts ])er .secamd, so that each molecule in re- 
bounding from one .side experiences a chang<- of m<mu-ntum tier 

b „ . 

second 2ml^ X ml ” tind since (he whole luimbei' of mole- 
cules impacting against (he sale BC is the total rJ/ti/ar in 

momenltmi produced by lluil side in one second is and this 

is, therefore, the /m:c against (he side. Hu( since the side BC 
has unit area, the force against it ef|ual.s (he pre.ssiire, heme 

p (j, 

where p represents the prcissure of (he gas. 

Now, the product Nm is the total ma.ss of gas in one cubic < enli - 
meter, or its density d, and hence: 




Maxwe.Ws Law. It has been shown on mechanical groumls, 
by M<axwell and others, that when hvo m-dssts uf tire tii ike 
same icmperatiirc, the average kinetic energy of a nwlecule of the one 
ts^ual io the average kinetic energy of a molecule of the other. 

That IS, 

•iwiFi® as lm» 


where and are the mas.sos of the molecules of the two 

and V I and V2 are their velocities* 


gimm 
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Boyle\^ Lem. According to the law just stated the kinetic 
energy of the molecules in a mass of gas is determined by its 
temperature, and hence V changes only when the temperature 
of the gas changes. Formula (2) above, then, is in agreement 
with Boyle^s law and expresses the fact that the pressure of a 
gas is proportional to its density when the temperature is constant. 

This formula may be used to calculate the average molecular 
velocities, giving as follows: 

Mt:AN VICLOCITY OF MOLECULES IN GASES AT 0° C. 

Hydrogen 

Nitrogen 

Oxygen 

Carbon dioxide 

Avogadro's Law. When two different gases have the same 
pressure we have by equation (1) 

(4) 

If the two masses of gas are also at the same temperature, 
we have by (3) 

ImyV^ = (5) 

and eombining the two equations we find 

iVi = iV.,; 

that is, the number of molecules per cubic centimeter is the same 
in all gases at the same temperature and pressure. This is known 
as Avogadro’s law, and was reached by him from purely chemical 
considerations. 

281. Molecular Magnitudes. The number of molecules in a 
gas at one atmosphere pressure and 0° C. is found to be 27.05 
X 10’** per cubic centimeter, or 443 million million million per 
cubic inch. Several different methods lead to approximately 
this result, but the most accurate determination is by an electrical 
method to be cxphiincd later (§ 628). 

The mean free path or average distance that a molecule travels 
before striking against another may be deduced by the kinetic 
theory when the viscosity of the gas is known. 


1843 meters per sec. 
492 
461 

392 '' “ 
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Also by several dilTerent Hties of rt'asofuitf!; that c*aniujt lu*re 
be discussed the elTeclive dianuders of j^asi'ous rradeeulrs liave 
been approximately deterniined. 

XlOLia'ULAR MACJNrriJDIvS IN (lASRS vr A r'MUSrHI' RIO 
I»RKSSUKK ANh 0'C\ 


IHami r» K nr j 
Mfas !'*Kr.i‘. Mtu.tt'i t.i 

I’Aiu Mu MiiM U-, 1 

\ Min nil I j I 


Nitrogon .(HKKKUISrin. (> es CT 05 Hr U) Hr 

Uyilrogcn 00001X5 rin. 0 UI i 

('a, Hum dioxide (HHHHMiH em. 0 07 I 


The numbers r<‘pn\sentinp: tiu' diaiiudt*rs nuiNt la* rt^eardrd 
as only approximations to the truth, but whit h douhth*ss ex 
preSvS the triR‘ ordvr of ma;j;nilude, Ihoiij,]; |>n)!>a!dy neitiier It) 
limes too large nor too small. 

In case of nitrogen at at mosj)heric prt^ssure the rntxtn free 
path is about 850 times th(‘ dianudt'r of llu* nu deride. More tlian 
one million such molecules in a row wovdd Ik* ret|iiirt*d to inaki* a 
length of 1 mm, Ia>rd Kelvin has estimated that if a drop of 
water were magnihed to the size of the t*artln “ the structure id' 
the mass would then be coarser than tluit of a tieap of tine 
shot, but probaldy not so coarst* as that of a Inatp of criekid 
balls.” 

282. Brownian Movement. The FngUsh iKdanist. Brtiwm in 
1827, on observing with the microscope vi‘ry line |Ki,rttch‘s !ieh! 
in suspense in a mass of water, disc*<)v<‘riKi t!u*y wcaa* in i'onstant 
irregular motion, and the small(*r the particle I lie nmre lively was 
the motion ol)served. it is a spontaneous motion that never 
ceases, and is l)elieved to be caused by tlu* incessant itudi«m cd’ tin* 
molecules of the licjuid, which bombard tlie i>artich* on all sides 
driving it hither and thither. 

The French physii'ist, Perrin, has made a, careful study tins 
phenomenon using an emulsion in water of (‘xcxaalingiy tine 
grains of mastic. He tinds by exact measurement of the dis^ 
tribution of the grains and the amount of tlieir motions tdiat 
they distribute themselves just as should be exptKted from the 
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kinetic theory, and even deduces by inference from his measure- 
ments the number of molecules in a cubic centimeter of gas under 
standard conditions, finding 30.5 X 10^^, in good agreement with 
determinations by other methods. 

REFERENCES 

C. V. Boys: Soap Bubbles. 

J. Perrin, translated by Soddy. Broivnian Movement and Molecu- 
lar Reality. 
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SURKACK W'AVKS 

283. Wave Motion. 'I'lic phenomena of wave motion are 
perhaps most easily grasped from (he study of water waves. 
Looking upon a si'ries of waves eoming across a stuooih lake 
from a passing vessel, we nofi<-(‘ (he steaily advaiiee of a dehnite 
form of motion, having a velocity which is quite independent of 
that of the vessel, and earrying eiu'rgy, for thi’ water in a wavi' 
is in motion atu! has kinetie energy. 

'riie water over which the wav<‘S have passe<i is left I'alm, 
and if a lloating cork is observed it will he seim to rise and move 

forward with (lie crest of the wave, 
then sink and move hackwartl in the 
trough, repeating the motion witfi 
the next wave, and eomiiig (o rest 
in its original position when the dis- 
turbance has passed. 'I he motion of 
(he cork, which is tliat of the water 
in vvliieh it lies, shows that the wave 
does not carry along vvitli it a mass 
of water, but that the motion am! 
energy are passed along from one mass of liquiii to tlie next. 

A wiiw may he dvjincd as a form or iimfhyiraiim of motion 
advancing tvil/i ajinile velocity Utrouy^lt a medium. 

By means of waves energy is transmitted, being passed alotig 
from one part of a medimn to the next by the interm ikm of ndjinn - 
ing parts. 

284. Origin of a Series of Water Waves. When a stone is 
dropped into a smooth pond, water is earrieti down by the 
motion of the stone, as shown at A , figure lA'i and also tlirust out 
in a ridge at B; beyond C the surface is undisturbetl 'I’hen it 
begins to rush back toward A from the surroumliug parts and 
B sinks, at the same time the forward jiart of tlie wave hetwiH’n 
B and C is urged forward, in part by its forw'ard momentum 
and in part by the pressure. 'Fhe rush toward A doe.s not stop 



Fm. 153. Origin of a water 
wave 
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when A has risen to the level, but continues until the kinetic 
energy of the flow toward A is spent in heaping up water at A 
at the expense of the hollow at B, as shown in 2, figure 153. 
llius there are set up oscillations at A, the energy of which is 
gradually spent in sending out waves. Each wave takes with it a 
certain dejiniic quantity of energy which remains with it as it 
advances. 

286 . Motion in a Water Wave. In a series of water waves 
the motion of the particles is as shown in figure 154, each particle 
moving around in a closed curve, which in the simplest form of 
wave is a circle. In the diagram are shown the paths of motion of 
nine water particles which were originally equidistant and one- 
eighth of the whole wave length apart. Each moves clockwise 
in a circle and all with the same uniform velocity; but while 
particle a is at the top of its path, h is back of the top by one- 



Fro. 154. Motion in a simple oscillatory water wave 


eighth of a circumference. The position of each in its path is 
called the phase of its motion; a and i are said to be in the same 
pkascj while the phase of e is opposite to that of a and i; also c 
and g are opiiosite in phase because they are a half-circumference 
apart in, their motion. 

Each particle in the diagram differs in phase from the next one 
by one-eighth of a complete revolution. Of course all the par- 
ticles which were between a and b in the undisturbed condition 
of the surface will still be between a and b and will have interme- 
diate phases, thus forming the surface of the wave between those 
points. 

It will be seen that the wave is advancing in the direction of the 
long arrow at the top, for an eighth of a period later b will be at 
the top and a will have passed beyond, and the position of the 
crest of the wave will be as shown by the dotted line. In the 
time of a complete revolution or period of the particles the wave 
will advance from a to i and a new crest will have come to a. 
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The icm'e leni^Ih is the distaiUT l,H‘tvviH*n parlii'irs in I hr same 
phase of motion, in this case from a to /\ 

The amplitude of the wave is the radius of flu* circles, whicli is 
the dLstance that a particU* is (!is|)Iataal from its eqiiilihrtiiiii |>0" 
sition; it is one-half the vertical heiM'lit the wave from IrouKii 
to crest. 

The %'cloe/ly of a wave is the veloc'ity with wliidi a |>ariicular 
phase of motion niovtss aloni^:; for (‘xaitiple, it is tin* \ r!ocif y with 
which the crest of the wave* moves ahm^x- Sim e a wavt* travels 
the whole wave lengtii X, in the juaiocl of revolulirm of a fKirtide 
we have 


where V represents the velocity of tin* wavtc 

'rim/nyuruey of a serit‘s of waves is tlu* munfier passinij; a par- 
licular point per second. If // wav(‘s pass pi*r si‘c<4fu! tlii*re must 
be *;/ complete wa/vas in tlu* distance V traveiweii li\’ flu* waves in 
one second, or 

r - ux. 

The velocity of tlie particle in its tireular orbit nuiHt not lie Ciiiifnsi**! 
with the velocity of the wave. It is always less than the wave 'vrlueify aiul 
(leiiends on the amplitude of the waive. A mcehauii :if water int»d«d drvisrd 
by I.ymaii exhiliits the motions in ligure 15-1 and admirably illust ralr.t the 
motion in water waves. 

286. Decrease of Amplitude with Depth. In enn .< qm-m r tif 
their difference of pluise, the pairticles u and h, iu*ar the crest of 
A 



Fig. 155. Amplitude of wave decreases with i«ereas«al d'eiuh 

the wave, are nearer together than their po.Mt ion-.-^ of rquiliUrium., 
while near the trough of the wave e and / are farther aiairl. Hut 
since water is practically in com press! hit* its voliiriu* dtacs not 
change and a little mass of water which wa,H originally of riiliical 
form must become elongated vertically near the crest and tiori- 
zontally near the trough as shown in figure 155 . lire water fiar- 
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tides on the lower surface of the cube must, therefore, have less 
amplitude of motion than those at the surface, as is evident from 
the ilgure. At a depth equal to the wave length the amplitude is 
only ;Vr> fhc: surface. 

287. Velocity of Oscillatory Wave. The type of water wave 
described is known as a simple oscillatory wave and the varieties 
of form oljserved in ocean waves are due to a number of such 
waves superi)osed. In a smooth pond it may easily be observed 
that two independent series of waves may cross each other, 
producing a complicated resultant motion; but after they have 
passed, each is found to have kept its original motion undis- 
turbed. 

It is shown in treatises on hydrodynamics that the velocity of a 
simple oscillatory surface wave is expressed by the formula 



From which the following velocities are found: 


75 ft. 
300 ft. 
1200 ft. 


Velocity 

13.3 miles per hour. 
26 . 6 miles per hour. 
53 . 2 miles per hour. 


From this it is clear that a group of waves, as we see them in the 
ocean, resulting from the superposition of a variety of waves of 
differcnit lengths, must continually change in form., as the com- 
ponent simple waves travel with different velocities. 

288. Ripples. The formula just given for the velocity of a 
wave assumes that forces due to the weight of the liquid are the 
only ones involved. But the surface tension of the liquid also 
plays a though it is entirely insigniheant except in very 

short waves or ripples. The complete formula for the velocity 


of a wave is 


V = 



27rr 

\d 


where 7' represents the surface tension of the liquid and d its 
density. The effect of surface tension is to increase the velocity 
of shorter waves. When water waves are about 17 mm. long 
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their velocity is a minimum, hein^ cms. |'H*r stH'*oni!. Lont^er 
waves travel faster because gravitaliim lortH* pri*diimiiia,tes, while 
in shorter waves surface tension has the inincipaj ihual. 


VoMpRKssioNAn Wavks 


Fig, 15B. IllustratiniJ: elaslidf y 
and inertia nf medium 


289. Compressional Waves. W'afm* wavt‘s of the fypc^ just 
consiclereci a, re siirfacr wa.ves, and can <m!y exist at flu* surfac'e of 
a medium. Hut the kind of wav(^ now to lu‘ studied tan travel 
in. every direction through an elastic nu’tluun. 

Consider the model shown in hgun* loti, wliic!i refiresi^nts a 
series of equal mas.ses resting in a, frietitmless grotna* ami tam 

netit'd by springs. If f !u' !ir?4 mass 
is movt'd bnvani file seetmt!, flu* 
lattt'r will move /iccu/eve tin* spring 
bt'twt'en the twt) is i < >ni[ Ui -(‘th 
Hut it mlt not heiiiti in mtnr until 
after the first mass has appriHiehed it: for //tin/ two iiuaved exactly 
together there would l.)c no compression of the spring betWiam 
them, and constajuently no force exertetl on the sectmt! mass to 
move it. As the second mass moves forward tht^re is l iunpo'.. 
sion of the second s|)ring, followed by m{d,ion td the tlnrd mass, 
and so on, the masses being set in motion mv after flie idJrc'r 
as the wave of eompr<‘Ssion reaches spring after spring. 

So also if the first, mass is drawn away from the otluu's, the 
first spring is slret.ched, ea.using moti<.m of tin* satmul mass whiidt 
stretches the second spring. The motion is tht^refi.^re reunmu-'^ 
nicated through the w,hole series as a wave a<’t om|.i;mied iiy 
stretching or <‘xpansion of the springs. 


Such a wave of (‘xpausion or eomjax^ssion is jtet up whenever a rriiiferial 
object is set in itK^tion or brought to rest; for all htHiicH may be roriHidered 
as made up of massive pa,rliricH in elastic equilihnum with each olfirr, like 
the balls and sr)rings in the iliagram. llius, when a chair m lifted, a wave 
of exi.)ansu)n, runs down through it, a,nd when it is set on the tioor u wave tif 
compression runs up. 

290. Newton^s Formula for Velocity of a Coiiiprafiloual Wave. 
The velocity of ^ such a wave depends on the elastic, ity and den- 
sity of the medium. Recurring to the illustrafbrp it h evident 
that making the springs between the balls stiffer will .increase the 
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speed with which the motion will be communicated from one ball 
to the next, while if the masses of the balls are made greater the 
effect will be to make the speed of the wave less. 

It was proved by Newton from the principles of mechanics that 
the velocity of a loave oj compression or expansion in a medium 
of which the volume elasticity is E and the density d is expressed 
by the formula, — 

''-Ct 

A simple proof of this formula will be found in Appendix II 
at end of book. 

291. Motion in a Series of Compressional Waves. If the 

iirst of the series of balls represented in figure 156 is made to 
oscillate regularly backward and forward, now moving toward 
the second ball and now away from it, a series of waves will be 
sent along the row of balls, alternately waves of compression and 
expa.nsion; and each ball will oscillate just as the first one does, 
though the second will always be in a phase of motion a little be- 
hind the first, the third will lag behind the second and so on. 
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Fig. 157. Motion of particles in a sound wave 


This is precisely the kind of motion which is set up in air by a 
tuning-fork or other rapidly vibrating body, and which excites 
in our ears the sensation of sound. Such waves in air are accord- 
ingly known as sound waves. 

The details of the motion in a sound wave may be understood 
from figure 157. 

The diagram illustrates the relative phases of motion of a series 
of particles in the wave one-eighth of a wave length apart. Each 
particle is shown as a black dot on a short straight line which rep- 
resents the path in which it oscillates, the center of the line being 
its equilibrium position. Suppose the first particle is made to 
oscillate in simple harmonic motion, then that will be the mode 
of vibration of all the particles, and each will move back and for- 
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ward keeping vertically under an imaginary ixanpani«)n particle 
that is supposcMl In move with uniform V(‘i(H‘ity annmd in tlie 
corresponding circle shown in (lu‘ diagram. 

It will be sixrn from the positions of tlie <■( .mparsi< ai particit's 
in the circles tliat, taken in the(»rdia* in whiDi they are iminhered, 
xaich is one-eighth of a. com[)Iete vibration bt'iund llu* phase cd' the 
preceding |>a.rticle; indeed, the associattni circles art* only usi*d to 
show the relative phases of the numlKU’ed f eirtii les Inlow. vvlhcfi 
represent actual [)artic'h*s in tlu‘ nuaiium. 

Particle I is at the emi of its path, wliih* the seatuu! jeirticle 
is moving toward lht‘ end and will lx* tluaa^ aii eighth af a period 
kiicr, wlien ‘5 will he in the phase now sliowfi by 2. and so on; 
therefore the wavt^ will liavt‘ moved forward in t In* direction of tlic 
long arrow undenu‘ath. It will bt^ setm that particles I am! U are 
in the same i>has(\ and aceordingly the distance bet\vt*en thmn is 
the tcm'c Ivn^th. The particle at 7 is in tlu‘ center t>f a i'ondensed 
region, where the |)artieles are elos(a* (ogtdher than normal, while 
those at and 1 1 are tlie ('enters of rurthied or e\jsindr.! regions. 
In I he condensed cegian the part fries are moTing Jarieard in the di^ 
reciion tfi %vltich the teave is advancinj^; in the rarefied re^ejini they are 
moving opposite to the imvc. There are intermeiiiati* ptnnfs where* 
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FiCt. 158, Motion of ;iir layers in .sount! wave 


the medium is neither condens(*d nor randuni, wlrert* tlie part !t ir:, 
are for the instant at rest tit the end of tlu*ir patlisof vihniliom, as 
at 1, 5, and 9. 

It must not I,)e lorgottim that each of tin* f»arficles considered 
is only one of a layer all vihratiing in tlu* sann* way. 'Phis is re|c- 
resented in figure 158, where the dots of tlu* pri*vi<ms diagram are 
replaced by heavy lines which represtmt mccemve iayiU'H of par- 
ticles, diffc'ring in phase l>y one-eighth of a. period. Tin* small 
arrows indicate the velocitix^s of the layt^rs at the given iiiHlarit^i 
and the instantaneous position of the regions of condtaisation 
and rarefaction arc marked by the letters C and M, ros|)ccii wly. 
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To sum up, in a compressional waue the particles vibrate Ion- 
gUiidinaU^^ or back and forth in the direction of advance of the 
itHivc, and there is a progressive change in phase, in consequence 
of ivliich alternate regions of compression and rarefaction are pro- 
duced. 

llic amplitude in such a wave is the distance that a particle 
oscillates on each side of its equilibrium position, or half the whole 
distance through which it vibrates. 

292. Illustration. The propagation of a wave of compression 
or rarefaction may be very well shown in a regular spring a meter 
and a half long which is supported by threads in a horizontal 
I)()sition, as shown in ilgure 159. The turns of the spring should 



be rather large and it should be of such a stiffness that a wave will 
take a second or two to travel its length. 


Sound 

293. Sound Communicated by Waves. There are three 
])ri!KM|>a.l evidences that sound is communicated by compressional 
waves through material bodies. First, sound is not communi- 
cated through a vacuum; second, the motions of sounding bodies 
are such as might be expected to set up compressional waves; 
and, third, the observed velocity of sound is the same as that of 
comi)r(‘ssioiuil waves, both in air and in other media. 

294. Sound Requires a Material Medium. Place an alarm 
bell rung by clockwork under the receiver of an air pump, as in 
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figure 100, so that it may rest on a. massof s<ift eotloii, or isother- 
wise supported so that no vibrations can Ik^ Iransmiftrd through 
its supports to the plate of the air puiniu WUvn the air is 
haustcd from the receiver tlu‘ hell is no longer beards liowevia* 
vigorously it may he‘ ringing. Ae/oa/ ' u'wccas t!u‘refor(\ do /ad fniss 
l/jrougJi a vacuum, iJtcy m/uirc a material medium, 

296. Sound Originates in Vibrating Bodies. All souia'es of 
sound are vibrating bodies capablt* of staling up air vibrations. 
A brass plate supporttHl at the I'entta- and covtu'ed witli sand if stl, 
in vibration ])v a bow may lx* made to give out a variety of differ- 
ent sounds, l)ut in eax’h ease there is t\ eharaeteristic arraiigenuait 
of the sand showing that a particular modt* of vibration «if t!ie 
plate corresponds to each .sound. Idg. i Vtining forks 

are set in vibration by Iieing stnuk, 
strings by being In/wtai, the viiirations 
o( the string Inlng evident to the eye 
or cau.siiig a bu/./Jtig stumd wheat the 
string is touchee! with a, pieci* cd iniper. 
In naal instruments tlie metal longue 
of the reed vil/rates : vviieii 

sounding, and even in flutes and organ 
pifu^s it may easily la* shown lha.t l!ti‘ 
a,ir is set in strong vibration. 

296. Velocity of SoirncL Vheveioc - 
ity of sound in air was rielermined 
by two Dutch oliservers, M<dl and 
Van Beck, in IK2.1, by timing the 
interval Indween seeing the* Hasli ol 
tlie discharge <rf a distant camion and 
hearing its re|K>rt. 

('annons were set up on twe* hills 
nearly 11 miles ai>art, and by observing alternately first from one 
hill and then from the other the observers s«)iiglit to i*!ifriiiuitu» 
the influence of any air currents which might At the same 

tirne the temperature of the air was observe^:! at, a of 

points between the two stations. Ilie velocity was thus found, 
to be 1093 ft. or 333 meters per second at 0'^ (!. 

^ Regnault (1810 1887) conducted an extensive series of invc‘s- 

tigations on the velocity^ot’ sound in the Paris water mains, which 



Fig. 160. Bell in vacuo 
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afforded large tubes free from wind disturbance and at a uniform 
temperature. He made use of an automatic apparatus by which 
the instant of disc'harge of a pistol was recorded electrically on the 
rotating drum of a chronograph, while the arrival of the sound at 
the distant station, where it caused a thin stretched membrane to 
vibrate, was electrically recorded on the same drum. By these 
experiments he found that the velocity was influenced by the size 
of the l)ipes to a small extent, and also that very intense sounds 
traveled slightly faster than feebler ones. He also conducted 
experiments in the open air, using the same recording apparatus, 
and found the velocity of sound in dry air at ()‘^ C. to be 330.6 
rneters i>cr second. More recent results give a velocity of about 
331.8 meters per second in air free from carbon dioxide. 

Bosscha determined the velocity of sound by causing two little 
hammers to give simultaneous taps at regular intervals, the fre- 
quency of the taps being determined by a pendulum which made 
electrical connections at every swing. If one of the sounding 
instruments is placed beside the observer while the other is moved 
away, the tai)s are no longer heard simultaneously, but those 
from the more distant one come later; if moved far enough apart 
so that the sound from the tap of the distant hammer reaches the 
ear at the same instant as the next succeeding tap of the nearer 
hammer, the two are again heard sixnultaneously, and the dis- 
tance between the two sounders divided by the time interval 
between the taps gives the velocity of sound. 

297. Velocity of Sound in Water and in Solids and Gases. 

C 'olladon and Sturm measured the velocity of sound in the water 
of Lake Geneva by causing a bell to sound under water and 
using as a rc‘ceiving instrument a sort of ear trumpet with the 
outer end closed by a rubber diaphragm and placed beneath the 
surface of the lake. The velocity was found to be 1435 meters 
per second. According to recent results the velocity in air-free 
water was found to be 1441 meters per second at 13*^ C., and 1505 
meters per second at 31® C. In solids the velocity of sound is 
usually measured by the longitudinal vibrations of rods or wires 
as explained later, § 355. 

The velocity of sound in various gases and vapors has been 
determined by wifh ttiAt in ii.ir hv the method of 

Kundt, § 348. 
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'fhe velocities of sound iu some c{)mnioii nunlia nrv f.^ivt‘n in the 
following table. I'he velocity ol sound in wood and htetd is so 
great that a person standing near oiu* (*nd of a long beam or rail 
that is struck at the farther end lu‘ars two sounds in quiek sinwes^ 
sion, first that transmitted by the solid ami then that througli air. 

VKiaK'lTIKS OF sorxo 


NU n K ^ 

Mi.ihi'M }'S i; * ii 

.. 1 ! Kt'en^oiH , , , •»*»0 el 

A,ra( 0 C ,. iin.l ,(> .'.iis. ,>tvssu.v ^ ;.;H ,5 

ini'iiti I aai I 1 .OKU 7 

Hydropje'n at 0" ('. ;md 7C> (‘ms. pressure . | t ,2Hn 0 1,210 0 

('arbou dioxidt' at 0" ( '. and 70 cuts, pressui (‘ . . 1 i) K,>ej {1 

Water at no C ! IddTO d,7lS 0 

Brass rad....... i B.tHK) 0 U.seiO 0 

Iron rod | 0 tn.;MO tJ 

Steel rod... | fOKHMl lUdltMl 

Pirus-wood rod (along lla* grain) . , , | t) 10,h*t0 0 


298. Velocity of Compressional Waves, llu* velotity id* a 
comiiressioual wu.ve iu air may be rtaidily ealeulateil !)y Newton's 
fonnula 



Jt was shown l)y Newton tha,t th<' elasticity td” a gas at fauislaril 
temperature is ec(iial to its pn^ssurc* (see ^249). But iui sub.sti- 
luting i)r(‘.ssur(‘ for elasticity in tlie above formula the tali u!ate*i| 
velocity was found to be too small. 

Laplace pointed out that though the uemigr (ompfint me of air 
is not changc'd by tl'U‘ [)assage of stnuu! waves, ytd in the t^om- 
pressed i>art of a wave the air is luaittal fiU’ tlu* instant , and \vht*n» 
it is rarefied there is cooling, and that t.hest* cluuigi*s t.akc* idaei* ho 
rapidly that there is no lime for heal to flow from cme |)art to 
another, so that the air Is practically in an adiaiHiiir com lit ion 
(§ 249). The effect of heating during I'ompre.ssion is to resist the 
compression, and cooling during expansion acts to opj>ose tla* ex- 
pansion, the effective elasticity in this case is thi*nd‘ore iiima*ased 
and in case of air has been found to be L40 times as great as if iiie 
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tenipcraturc had remained constant. The formula thus becomes 
for a gas like air, 



Sul)stitiiting the values for air at normal temperature and pres- 
sure, and expressing both pressure and density in C. G. S. units, 
we have 


V 



7() X i:k() X 9<S() X 1.40 

([001293 


33,120 cms. per sec., 


which is in good agreement with the velocity of sound as found by 
experiment. 

In case also of solids and liquids the results obtained by the 
formula agree with velocities obtained by direct experiment. 
The elasticities of these substances arc so much greater than that 
of air tliat the velocities of sound in them are large in spite of their 
great densities. 

dims in water the elasticity or ratio of pressure increase to cor- 
respoiuling decrease in volume is, in C. G. S. units, 


7() X 13.0 X 980 
0 . 000 () 47 '^'^'""' 


= 2.16 X 10^^ dynes per sq. cm. 


or 15,230 times that of air, while it has only 773 times the density 
of air. 

299. Influence of Temperature and Pressure on Sound Veloc- 
ity in Air. P'rom the formula in the preceding paragraph it is 
clear that the velocity of sound in air is independent of the pres- 
sure^ for when the pressure is increased the density increases in 

p 

the same proportion, by Boyle’s law, and the ratio ^ remains 

constant, and consequently the velocity is constant so long as the 
temperature is not changed. 

But if the temperature is raised, pressure being constant, the 

P 

density diminishes and the ratio - increases. Hence the velocity 

of sound in air is increased or about 2 ft. or 0.60 meter 

per second per degree Centigrade rise in temperature. 
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300, Influence of Pitch on Velocity of Soiiiui. It iriay be 
easily noticed thaa the notes of music ct)inin,^ fnun a distant liand 
are heard in the same relation to t*ach otlui' as if tlic Inind were 
near. There is no confusion of llu^ melody such as would result 
if high-pitched sounds traveUal faster or shnvi*r than low ones. 
Regnault made careful observations on tliis point aiul com luded 
that the Delocity of sound is the same ^iohaieeer itir yitek uuiv !h\ 

It will be shown later that tlu‘ pitcit of a soun<! depends upon 
wave length, lieut'c we (‘onclude (hat the vetoiiiy oj sound is the 
same for all teave tenylhs. 


RnFIJ'XTIONt AND RiU-'RAC’TIOM ttF WaVKS 


301 - Reflection of Water Waves. \\du*n a watc*r wave meets 
an immovable ol)stacle it is turned haek or relleiied. Sim e tlie 
ol)stacle does not move, it camiol reeeivr* energy from tim ineidciil 
wave, and therefore the rellected wa.ve carritvs flic iuiergy aw;iy. 
Each tK)int of the obstac'Ie reacts against the waves which meet it 
and so irroduces a ireriodie disturl)anee ami may In^ rruard^ d as 
a center from which waves are sent out. dlu* reiksded wave jis a 

whole is the resultant of these iilfle 
waves coming froin caDi |Hunt ef the 
obstacle. 

Suppose' a %vave frorn a center (), 
figure HU, meeds a, siraiglit wall Hi\ 
When ii'i the p<isit5on ,'t K/> the dm- 
turl)anet' has just reaelret! the W'alt 
at E and is aliout sla,rling back. 
By tlu‘ tinit! thi* wavt* at A has ad* 
vaiK*ed to B and at /) has reiudicd 
i\ the* part of tiu* wave* rtl!i*cled at 
K will have returned an ec|iial dis- 
tance to h\ 

If the wall had not been tlu'jre the* wave vvouhi liuvi* adviiriraal 
to the position of the dotted line BGC\ hut, slma* after reflection 
it has the same velocity as before^ tlu* refleertia! wave will at. eacl'i 
point have gone back from thts wall as far as it, would have 
passed the line BC if the wall had not f>een there. 'Ilie front of 
the returning wave BFC has therefore the same curvature as 



Fio. 161. Rdlect itJH of waves 
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BGC if the wall flat. The returning wave is therefore circular 
having its center at a point O' which is as far back of the wall as 
the center O is in front of it; and the line 00' is at right angles to 
the wall. 

Another method of looking at this subject is interesting. The effect of 
the vertical wall is to oppose any forward or backward motion of the water 
particles next to it without interfering with vertical motions. Let us now 
imagine the wall removed and that whenever a wave starts from O an 
exactly e<iual wave sets out from O'. The waves will meet along the line 
BC and the forward or backward movement due to the one will be exactly 
balanced by that of the other, while their vertical movements will be added. 
There results, therefore, an up-and-down oscillation along the line BC 
exactly as if the wall were there. 

On each side of tlic line BC there will be waves coming toward the line 
and others going back from it exactly as if rcllected from it. And indeed 
they may be properly regarded as rcllected, for there is no transfer of energy 
across the line BC because there is no forward or backward motion across 
that line, and if a thin wall were slipped in along BC separating the two 
systems of waves the motion would not be changed on either side. 


302. Angle of Reflection. When a wave front meets a re- 
flecting surface obliquely, the direction of the wave front and 


its direction orpro])agation are changed 
as shown in figure 162. At Wi is shown 
a iiortion of a wave front approaching 
F where it is reflected, afterward ad- 
vancing as shown at ITs as if it came 
from Oi- 'The angle i between the 
direction of advance of the incident 
wave and the normal to the surface is 
called the angle of incidence, while the 
angle r between the direction in which 
the reflected wave moves and the 



Fig. 162 


normal N is called the angle of reflection. The angle of reflection 
is equal to the angle of incidence. For the angles a and b are clearly 
equal and the angle i is equal to a, and r is equal to b, since the 
lines 00' and NP are parallel. 

It is interesting to see how the reflected wave may be regarded 
as the resultant of little waves coming back from each point 
of the reflecting surface. Let AB (Fig. 163) be a wave front 
meeting the reflecting surface AC at .4. The disturbance at 
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A causes a little circular wa,ve to j:^;o Inivk whiiii will luivt' a 
radius AD equal to BC by the tinu* that the vva\'<‘ front at B 
has reached since the velocity of tlu‘ rtnuruiiig wiiw is the 
same as tluit of the advaiuinu: one. S(» also tlu‘ ( irtailar wavelet 
starting backward from A, when tl\e advancing wave lias r<*aclied 
^ the position F(f\ will !iavt‘ a ra<lius 

FK <‘(|ual t<» (/( ‘ wluai the wave* front 

„ at /> rt'aches ( ', 

/ f c y'™ h'rom eacii point in succession of 

7 the nnlccting surfac e* !>el ween .t and 

tic. Ust t , , 

( llu‘se <‘h‘n unit ary waves s|tri*ad out 

just as front .1 and U, in arc's of eircles whose ('enters He on the 
line AO. dlie enwlopr of these* cire'Ies is the line* IH' whiOi is 
tangent to all of them. AH thesse eHeattentary waves ttu*re’ftu‘e act ' 
together aitd t'omhine to produce* a new wave* fnmt along the* 
line DC. Siiua* AD is (‘({ual to Hi' and is at right angles tej the* 
tangent /X7 just as A( ‘ is at right angles to Aik the twei tri- 
angles ADC and ABC' are ecpial and (he angle* erf incieience* /i!<' 
is equal to the angle of r(*nee'(ie)n IK'A. 

While the elementary wavt*s are e'otu'eived as sprending end in 
circles in every direetioig ///cy produce ejieei ouly u/ewg iPe 
ithm front DC where all art toi^elher, for it may la* slienvn that they 
interfere (§Hd2) with each other in oilier direaiions, suDi as <HT 
one sicUg tmles.s the rejleelinyi surfaee is eery small. If the distaiua* 
AC is not more tlian the* length of a vvave% re*gutar redha/iioii will 
not take place, Imt tlie r(‘i1e('(c‘d 
wave will spread out in ail 

directions as if the re'dtH'ling \h 

surface were the <'ent(‘r of \ 

disturbance. V"- 

303- Refraction of Waves. /' ^ 

When waves i>ass from one ' C. * * 

medium into another th(*re is |||,| 

generally a change in velocity* 


which causes the direedJon of the wave to ediange* wlimi it rrieets 
the surface of se|>aration obliquely. 

Let AB represent the advancing wave front, rniaditig at A 
the second medium where the velo<*ity is less. While Ik? wave 
front advances from B to D in the first meeitiiitg the wave from A 



REFLECTION 


205 


will have gone a less distance AC in the second medium in 
consequence of the smaller velocity. The new wave front will 
be CD, tangent to the elementary waves from A and from all 
points between A and D. The direction of advance of the wave 
is changed toivard the perpendicular, from BD to DE. An in- 
termediate position of the wave, where part is in one medium 
and part in the other, shows a sharp bend at G. 

If the velocity in the second medium were greater than that 
in the first the waves would become by refraction more oblique 
to the surface of separation instead of less oblique as in the case 
illustrated. 

The law of refraction will be more fully discussed in connec- 
tion with the study of light. 

The refraction most commonly noted in water waves is when 
they run obliquely into shoal water near shore, where their 
velocity is retarded. The effect is to swing the wave front around 
more nearly parallel with the shore. 

304. Reflection of Sound. In the reflection of sound the 
same principles api)ly as in the case of water waves. Sound waves 
renected from a large Hat surface appear to come from a point 
as far behind the surface as the sounding body is in front of it. 
Echoes from buildings, cliffs, and even from a wooded hillside are 
familiar exami>]es of the reflection of sound. If there are a series of 
cliffs or shoulders of rock at different distances multiple echoes are 
heard. A pistol shot from a boat on a smooth lake comes as a 
single shall) sound followed by faint echoes from the distant 
shores, but if the water is rough the shot is followed by a reverberat- 
ing roar as the sound comes back reflected from wave after wave. 

I^y means of a large parabolic mirror the tick of a watch 
placed at its focus is reflected so that it may be heard 50 ft. 
away by an observer having his ear at the point on which the 
reilected waves are converged. The proper position to hold the 
ear may be found by observing where the image is formed of a 
light placed at the focus of the mirror, showing that the law of 
reflection is the same for sound as for light. 

A watch is used in this experiment because the waves of 
sound which it gives out are so short, even relative to the size of 
the mirror, that the law of regular reflection holds. 

In rooms with arched ceilings focal points may sometimes be 
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Fig. li>r> 


found such that sounds going out from on(‘ iKunt ‘ Cuix i royd 
toward ihe other. A ixu'son holding Ids ear at one |Kdiit can 
hear the slightest whisper condng from tlu‘ oihin\ 

305. Reflection and Refraction of Sound Waves. W lu ncx m* 
sountl waves meet the surface bt'lwetm twt) nu*<lia usually both 

rellei'tiun a.iHl ref rati it 'Ui take 
plaet*. If tlnaa* is a vc‘ry 
A”'\ fill' ■ great change uf flensity uiul 

\ \ Ijlj/ III . elasticity intJSt ti‘ t lu* energy 

'' \ ( ( ’^ goes into t!uMaileti(*tf waA’ta 

/ M ||;i\ ' and tlu' ndratiitm will fje 

V 'll/ 'd slight. On t!u* tilhtu' luunh 

f if tlie tw<^ intaiia, like two 

inf) strata of air at diflVrtuii 

t(‘inp<‘rat us'fs, flitiVr only 
slightly in their properties, most of tlu‘ tmergy will tx* transmitted 
in the refracted wa.vcs into the second mtalium and l>ut little will 
be reflected l)a.ck from the surfaccn 

If a lenticular bag of thin rul)l>er is tilled witli isarbonie atid 
gas (COo) in which sound travels more slowly tlian in air, the 
sound from t he ticks of a. watcli will Ih‘ conciml rated at a hams 
conjuga1<‘ to the position of the watch, just as light is < (uixt i g.ed 
by a lens of glass whidi 

retards its waves. I'or in i 1 s , 

passing through sucli a hms \ \ \ \ / / 

the mi<ldle part of the wave \ \ \ / / 

AB is more rdarded tlian \ \ / /'" 

its edges, so that it is trans- \ //ir \ / / " 

formed into the form CD 

which is concave toward 

the car at A, Stnind \va,vi‘s diartgeil hy wind 

306. Effect on Fog 

Signals. On account of reflection and refraction from strata of 
air of different tempm-aluia^s, or from foggy layers, the sound 
of a fog horn may l>e entirely unheard I>y a vessel near the shore 
and in danger. If the lower portion of a horizontally moving 
sound wave is in warmer air than the uiiper i>art it will travel 
faster and cause the wave front to change its direction and may 
even cause it to curve upward. 


Fio. KU'k Stnuid waves diartgeil hy wind 
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So also currents of air, causing one part of a wave front to 
move faster than another, will change its form and consequently 
the direction in which it advances. Thus the observer at A 
(Fig. 166) might not hear the church bell when the air was still 
because of the screening effect of the ridge, but if a breeze were 
blowing which being stronger above would carry the upper 
part of the waves along faster than their lower part, the wave 
fronts would be tipped over so that they might come down to 
causing the bell to be heard. 

307. Echo Depth Sounding. A useful application of the re- 
flection of sound is in the echo depth Under. A special oscillator 
I)laced on the bottom of the hull of a ship sends an intense group 
of sound waves downwards which is reflected from the sea 
bottom and returns to the ship again, where in turn it is detected 
by means of a hydrophone. The hydrophone, which operates 
on the principle of the telephone (§ 738), transforms the sound 
into electrical oscillations which, on being amplified, cause a tube 
containing some neon gas to glow for a moment. The time be- 
tween the starting of the wave group and its reception by the 
ship again is accurately measured on a dial with a pointer re- 
volving at a known rate and which carries the small neon tube 
on its tip. When the pointer passes the zero mark on the dial, 
a contact is made which sends out the group of waves for a 
small fraction of a second. After the pointer has revolved a 
short distance beyond the zero point, a flash is observed at 
which position of the i)ointer the depth in fathoms is read directly 
on the dial. Since the velocity of sound in water and the velocity 
of the pointer are both known the scale on the dial is easily 
calil)rated. This type of depth finder is known as the fathometer, 

SoiTNi) Characteristics 

308. Sound and Noise. Sounds that have a sustained and 
simple character and do not seem to be a mixture of various 
different sounds may be called tones or musical sounds. Abrupt 
and sudden sounds that do not last long enough to convey any 
idea of musical pitch, or mixtures of discordant sounds, are noises, 

309. Tone Characteristics. A musical sound or tone has 
intensity j pitch, and quality or timbre, and each of these depends 
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upon a physical property of the sound wavic Tlu* iuirnsiiy 
of a sound de|)eiids upon the ami>litude or the iaieryy of the 
vibration, the piich depends on tht‘ frt‘<|uen('v of the wavis, and 
the quality depends on the particular manner td" vibration td’ the 
particles. 

310, Intensity, Intensity of a sound, as tlu^ tm'ni is tmlU 
narily used, refers to the strenj^th <if the sensation excited liy the 
sound wave. It depends u|>on tlie amplitude trf viiu'ation in 
the wave, for increasin|j^ the a.m]>iitudt' of vibration t>f tlu* stmnd- 
ing body increases the loudm‘Ss of tlu‘ sound. But oru‘ is nc)t 
simply proparlioual to the othtn*, ami if two sounds of ihtlVnait 
pitches arc e((ua,lly intense, it by no nuxins follows that tlu* ampli- 
tudes of vil)ra,tion are tlte sanuc IXually the higher {>iti'he<i 
tone will be more intense for a. given artiplitudt* than <me of lower 
pitch. 

77/e ienn iuiensily as applied in physies io saund u^aees re- 
fers to the energy of the motion and is measured by ike eneri^y 
transrmitted per second through I square eenti meter of surf are. 

Just how the iniensity of the sefisatiou is relat<’d t he energy 
of the sound vibration is a (lucstion for the psyelioltjgist . 

The energy per cubic cettlimett'r in a scuind wave drpi-nd.^ on 
the density of the nuHliurn d, the S(|uan‘ of tin* fierjuom y cd vi« 
bration ;r\ and ilu‘ sciuare of (lu^ anif)!it mli* <r\ and is r\pi(‘,isc<l 
by the formula 

li ' : ^r'divir. 

It has l)een found l)y Lord Rayleigh tluit when tlie amplitmU- 
of vibration of tlie air |)aidicles is as small as ont^nni!!ioiillt of a, 
millimeter the sound is barely audible, while an amfililude as 
great as a millimet.er would occur only in tlie very loudest soiinds. 

311, Decrease in Intensity with Distance, When s«nind 
waves can spread out in every direction from a ^'-niinding; Ijotiy 
forming a series of spherical waves the intemsity varit^s inversely 
as the square of the distance from tlie sourcce lAir the same 
amount of energy is transmitte<l across every sphi^rieal surface 
having its center at the source of sound, and tin* larger the 
surface of such a sphere the smaller will hc‘ the energy trans- 
mitted per unit surface, d'hc spluTit'al wave fnmt at if for 
example, will have four times the area of a siihcre at onedialf 
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its distance from the source as at -d, consequently the energy 
transmitted per square centimeter of surface will be only one- 
fourth as great at C as at A, The energy or intensity therefore 
varies inversely as the square of the distance from the source. 

Of course if the wave is pre- 
vented from spreading out, as 
in a speaking tube or when the 
source of sound is near the 
surface of a smooth lake, this 
law does not hold. 

312, Speaking Tubes and 
Ear Trumpets. The ordinary 
speaking Pubes connecting dis- 
tant rooms in buildings depend 
on the fact that the soundwaves coming from the speaker, instead 
of spreading out in all directions from the mouth, are limited by 
the walls of the tube, so the sound may be heard with only moder- 
ately diminished intensity at the distant end. Bends and par- 
ticularly sharp turns should as far as possible be avoided because 
reflections will then arise which may break up the advancing 
waves, reduce the intensity and interfere with the clearness of the 
sound. 

When one end of a rod or wire of metal or of a long uniform 
l)eam of wood is struck the sound is carried along the rod or 
beam, just as in a speaking tube with very little loss through waves 
sent out sidewise, and is therefore very distinctly heard at the 
farther end. 

In car trumpets, by the constraint of the smooth walls of 
the tube, the wave entering the wide end is gradually dimin- 
ished in area, and although much of its energy may be lost 
through being reflected from the sides of the trumpet and back 
out of it again, the energy per cubic centimeter in the emergent 
wave is many times greater than that in the wave which entered 
the trumpet. 

313. Megaphone and Speaking Trumpet. In the megaphone 
sound waves coming from the speaker instead of spreading out in 
all directions from the mouth are limited by the walls of the in- 
strument, so that the wave emerging at the wide end has the 
whole energy of the voice. It will be shown in connection with 
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the (liiTra,ct ion of light, that when light waves pass througli an 
opening which is not more than a wa,V(‘ lengtli in iliamOtaa the 
waves spread out in every <lirection from ihv o[)ening\ while if the 
oi')ening is much larger, tlie waves, on account of interferem*e, will 




Fuj. ms. SavartN wheel 


not spread out so miu'h l)ut will travi‘1 st raiglh hirward, illumU 
nating a spot directly opposite^ tiu* op(*niii:‘. Fur tlu^ same 
reason sound waves coming directly from tlu‘ mouth spread 

out. in eva^ry diria;*tion wltil-t* wa\’es from 
tlu^ larg(U‘ opening do not sfireatf out so 
much, and product* a, rmua* inhmst* tS'fert 
<li redly ah(*a(l, 

I^xactly htm tins elTeti is raustai I)y 
the interfertmci* of wavt*s will la* he! ter 
understooti aftt*r studying the tliffraditm 

of light, 

314. Pitch. Tke piidf a xeioirl iff- 
pends on the frtynt o, v of the vitmitions, 
dins is well shown l>y HavartN wlitw'l If 
a card is held so that it is strut^k by the 
teeth of a rotating roggt.ai wheel a stuiiid is 
given out which rist*s steadily in pitch as 
the speed of the wheel increases. If a device indicating the num- 
ber of revolutions is attached to the wheel the number of taps per 
second producing a sound of a given pitch Is rea.c"iily deierrniiiecL 
Another instrument l)y which the number of viliratioriH may be 
determined is the siren devised by ('agnia.rd dc la 1 our, shown in 
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figure 169. A disc having a circular row of equidistant holes is 
mounted on an axis so that it can rotate almost in contact with 
the upper surface of a flat circular box in which holes are made 
exactly corresponding to those in the disc, so that as the disc 
rotates the holes are alternately opened and closed as many times 
in each revolution as there are holes in the series. The box is 
connected by a tube with a bellows and the puffs of air that come 
through the holes of the disc as it rotates give rise to a tone which 



Fig. 170. Vibrations recorded on blackened drum 


is higher in pitch the faster the disc rotates. A revolution 
counter is attached to the axle so that the speed may easily be 
determined. 

The holes of the disc are inclined one way and those in the 
upper jilate of the box are opi^ositely inclined, so that the blast 
of air through the holes causes the rotation to take place auto- 
matically, the speed being controlled by the strength of the blast 
and a brake if necessary. 

For linding the number of vibrations of a tuning-fork the 
graphic method may be used, illustrated in figure 170. A point or 
stylus is fixed to one prong of a tuning-fork which is mounted so 
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tkit tlie stylus just touches a shet^t of sniokt^d paper strt^tched 
over a cylindrical drum, d'he axle nf tiie tinuti is a coarse scnnv 
by which the drum is moved slowly h‘nglinvist‘ as it rotates. If 
the fork is set vibrating, on rotating tht‘ drutu a wavy curve will 
be drawn in ludical form around the drum, eacli wave* t'orrespend 
ing to a vil)ration of the fork, d'o t‘md the mmdHU’ |ht second a 
secoiui curve may l:)e simultaneously drawn alongsidt* of the first 
by a tuning-fork whose fretjueiu'y of vll)ration is known; or a 
small electric marker connectcal with a tiock may ()e numnttai 
with its ]>oint touching the drum close beside t!ie sivlus of tlie 
fork, so that its marks made every second lie <'!ose file curve* 
drawn I)y the fork, ddu* number of vibrations of the fork per 
second are found l)y counting tlu* undulations iti the* cairve be 
tweeix two consecutive time marks. 

'These various methods of t*.\:periment show that the* |fdeh 
of a souud depends only an ike Jrcqucncy aj ribratJan^ and tliat it 

£ ^ 

■ 

V 

Fxg. 171. (tise of eair moving te)VYarti a sounding !»ody 

makes no diiTerence whether the sound comt*s frenn a tunine. f<»rk 
or from the putTs of a. siren or the taps of Savv'irt s wliee*!, all wilt 
have the same pileli if tlu* fre'enu'ncy is the same. 

315, Doppler’s Principle, I1u* j)iteh of a sound as heard 
depends on the number of waves that reach the ear per seeand. (\in« 
sequently if the ear is moving toward tlie soundln;' body the 
ajiparent pitch will lie raist*(b since* more* wavtcs pi*r seaeind will 
meet the ear; a.nd conversely if the ear is nmving away from tlie 
sounding body it will receive fewa*!’ wavt\s {ler sivoiid than if it 
were at rest and the iiitch will appear lower. 

Let E (Fig. 171) n*[)re‘sent the position of the* ear axul *V ttial 
of a sounding body making n vilirations per secomb and let t!ie 
distance from A to E be V, the distance tliat Hound travels jier 
second. Then lietween A and E there are n sound waves which 
will reacli the ear in one second if it remains at E, liut if in one 
second the ear advances a distance v to it will meet in afldiiion 
the waves between E and E\ Let x be the numbc»r of waves 
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between E and E', and n' the number reaching the ear per second, 


then 

n' == 

n + X 

and 

II 

m 

X = — 

and 

, nv 

V 

/ v\ 


n = n zb 77 

= /Z ( 1 zb ~ I 


V 

V v) 


the signs being plus or minus according as the ear has a velocity v 
toward, or away from, the sounding body. 

A similar change in pitch is observed when the sounding body 
is moving toward or away from the observer. But in this 
case the formula is somewhat different as the wave length of the 
sound is changed in consequence of the motion. 

IvCt 5, the source of sound, have a velocity v toward the ob- 
server at E, In one second as it advances from S to S' it gives 
out n waves. The iirst of these waves leaving it at S has reached 
-4, having advanced a distance V equal to the velocity of sound 
in the medium, by the time that the sounding body giving out 
the '/All wave has reached S' , All n waves, therefore, lie between 

V ~ V 

A and S' ^ and the wave length, X', is 


But the number of waves that will reach E per second will be 
the number of wave lengths that arc contained in the distance 

V 

that the waves. travel per second, or n' = 


hence 


nV 

V Azv' 


where the minus sign is to be taken when the velocity of the 
sounding body is toward the hearer. 

of 5 


Fig. 172. Moving source of waves 

I)opi>ler’s principle explains the sudden lowering in pitch 
observed in a locomotive whistle as it passes. It has also a most 
interesting application to light waves (§ 942). 



^14 


WAVE MOTION AND SOUND 


Resonators and Anaia'sis tu- Sorxn 

316. Quality of Sound. 'The oar roadily ohsi*rvt*s tlw <lifiVr- 
ence in (pialiiy or timbre betwivn the soinul of a vi^fiiii and that 
of a flute or between notes of an orf>;an and thos<‘ of a piano, 
though of the same pitch. 

This individual character of toiu'S <it‘ptauls in part on certain 
su|H‘riu'ial charac'ti'ristics. note' of tlie piano ionics iin. 

pulsively, suddenly strong, and tlu*n ra|>idly dying out, wliile 
the tones of an organ do not come instantly to full striuigth, 
but are then sustaiiuMl ami steady. But tom‘s i‘quall\’ sus 
tained and steady may yet differ greatly in f//m//7v, as, for c,k» 
ample, the toiU‘s of tuning-fork, organ pipe, ami violin. 1\> 
invi^stigate the cause of tlxis dilTtn’enci' wi* shall nctsl rrM>Hjiiors 
which vitjratc in sympathy with tlu‘ tones studied. 

317. Sympathetic Vibration. A bdl ringcT by timing his 
pulls on. the ro]>e to correspond to the swing of tiu* bell is ablt* to 
set a heavy bell strongly swinging, whih‘ inert» random pulls 
would accom|)lish very little; so it is that simnd wavtvior <4 her 
compara.tiv(‘ly slight impulses may std up strong vilirations in a 
body if they are t'xaetly timed correspond to its natural period 
of vibration. This fact of symfmtketie vibrutitni may bi’ illus' 
trated l)y tuning two strings on a sommuder to tin* sarm* pilch, 
and then sounding om‘s(rong,Iy; the other will !«»set in viiiration 
by the impulses communicattal to it thnvugh the : upjeorlins; 
bridges. 

Again, if the dampers are raised from the strings of a piano 
and a clear strong note is sung near the instrument, the mt- 
responding string will be heard sounding after the singer *s vtnvu 
is silent. 

A very interesting case of sympathetic resomince is that in 
which a tuningdork is set in vibratiem l>y t,hi^ scnitid waves 
from a similar fork placed 20 or 30 ft,, away. I1ie two forks 
are mounted on suitable resonartce boxes and rriust, lie* of ex- 
actly the same pitch; if they are thrown cn.it of unison twen 
very slightly, as may be deme by alBxing a liif: of beeswax to a 
prong of one of them, they will no longer res|>oiu] to mch c,ither, 

318. Resonators. When water is ixiured int.o a tall cylindrical 
jar the noise produced has a noticeable pitch which grows higher 



RESONATORS 


215 

as the water level rises in the jar. This pitch is due to the air 
column in the jar, which has a natural time of vibration of its 
own and responds to any component vibration of the same pitch 
which may exist in a noise produced in its vicinity. On blowing 
sharply across the mouth of the jar the same 
pitch is noticed, the confused rustling noise 
having some component to which the jar can 
respond. The roaring heard in sea shells is 
explained in the same way. 

If an ordinary tuning-fork, not mounted on a 
resonance box, is held by its stem and struck, it 
will scarcely be heard a few feet away, but if it 
is held, as shown in the ligure, over the mouth of 
a jar tuned to respond, a strong tone will be given 
out. The arrangement shown in the figure per- 
mits the tuning to be easily effected by raising or 
lowering the connected water reservoir, thus ^ig 173 Reso- 
changing the level of the water in the resonance ’ nance 
tube until the response is most powerful. 

''hhe pitch of the air column may be lowered also by partially 
closing the oi^euing of the jar. 

Such an air column being easily set in vibration by the proper 
tone is known as a resonator and may be useful in detecting in a 
mass of tones the i)resence of the particular one to which it is 
tuned. 

319. Helmholtz Resonators. Helmholtz, in the analysis 
of ('oinposit(i tones, made use of spherical resonators, each 
having a large opening and also a small one adapted to the 
car. 

A resonator of this form is particularly useful because it 
responds easily to vibrdtions of one pitch only and so is well 
suited to the analysis of sound. 

320. Complex and Simple Tones. The following experiment 
will now give us a clue to the cause of the difference in quality of 
tones. Take a series of tuning-forks mounted on resonating 
boxes, the frequencies of the forks being in the order of the series 
of whole numbers, 1, 2, 3, 4, 5, etc., which is known as the 
harmonic series. If the deepest toned fork in the series makes 
260 vibrations per second, the next will make 500, and the next 
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750. eto. I*rt>vi(k‘ also a set of I Idinhol)/, resonators, one ailaptcd 
t»» t*:ich fork. 

Now. on sounding the lowest pitdicd fork alone, a <leep tone 
is obtaineil to which thr corrcspondin;^ rcsoiiiitiir iihutr u'iU respond. 
If the next lowest is now sounded ;it the .satiu' time with the other, 
the tones blend iuul ;i,re hetird as a. single tone of the same [hteh 
as before but of ti different (|u:dity. And so !>y sounding along 
with the <leepest or fundanumlai fork iiny or all of the others, 
making some of the comixinent tones strong ami some weak, 
great variety of tones may be obtained differing in tjuah'ty though 
all an- heard as of the stune pitch. 

Hut if any of these* tones is tested by the restm.alors it i.s tbund 
tlait all those resonators respond whiidi correspond to the forks 
used in i)roducing the tone. Such a tom- is called < omp!r.\\ while 
a tone to which only one resonator will respond is ctdled a .simple 
tone. 

321. Analysis of Sounds. In the case just consider<-d it is 
evident from the way in which the sounds of various <jua!ities 
were iwoduceel that they were complex and consisfeil of sounds 
of different pitches blended (ogetlu-r. Hut if we now soumi tin 
oi)en organ pipe of the .same pitch as the deepest toned resonator 
we iind that not only does tluit resonator respond, but so tilso 
to ;i gruatitr or U-ss degret- do tin- wlioh- seric-s of re.souafors, 
showing tluit though the sound comes from ;t .--ingle pipt- if is just 
as truly comple.v ;is though originating in a series of tuning forks. 

'I'he component simple tones which unite to form a complex 
tone are known as its partial tones, tlu- lowest of the.st- in pilch 
is the fundamental, and the others are the upper partial tones 
or upper harmonics. 'I'he latter term is i- pciially ajsplictihle 
when the upper {sartial toms :ire memb(-rs of the harmonie seri(-s 
(§ 320) which starts with the fundamental. 

From the laws of <lynamics iis well us from e.xiM-rinu-nt there 
is reaston to belit-vi.- that a simple lone, (o whieh a resonator of 
only one certain pilch ndll respond is one in udtieh Ike vibrations 
of the. air arc simple harmonic (§ 124). 

With attentive listetnng tlie ear may hear the simple harmonic 
components of a compk-.x lone as separate simjde tones, fersons 
with cars trainer! to the analysis of .sound can often detect the 
different harmonics in a tone without the aid of resmiators. 
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322. Synthesis of Sounds. Helmholtz devised an interesting 
apparatus by which complex sounds might be built up from 
their simple components. This consisted of a set of ten tuning- 
forks, corresponding to the first ten terms of a harmonic series, 
which were kept continuously vibrating by means of electro- 
magnets, each fork being mounted in front of an appropriate 
resonator as shown in ligure 174. 

The resonators were cylindrical brass boxes, each mounted 
with its opening close to the prongs of the corresponding fork, 



Fio. 174. TTelmholtz apparatus for the synthesis of sound 


the o[)enings being closed by covers which could be drawn back 
by pressing the keys of the key-board. When the resonators 
were closed scarcely any sound came from the forks, but drawing 
back the cover from any resonator by depressing its key brought 
out the corresponding tone with an intensity which depended 
upon the amount that the key was depressed. By means of 
such an apparatus the sound of an open or closed organ pipe, 
a violin, or reed instrument can be closely imitated. 

An interesting modern instance of the synthesis of sounds is 
found in the ingenious '' telharmonium'’ of Mr. Cahill in which 
the separate harmonics are transmitted by means of alternating 
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currents of i‘UH,‘tririty of difiVrenl frrtjurrM'io whiiii roinhine to 
form a single resultant current which acts on the teli'plKiiu* re- 
ceiver at the einl of tlie line. liy conilnhung tin* propti" simple 
harmonic compoiunits all tht‘ inslrunu^nts of an (H'elu‘stra are 
iiihtatetl* 

323. Quality of a Musical Tone. 'I'he (fuality of a rnus!t*al 
tone may then l)e said to he detenanined l>y the |»ili !i and in 
tensity of the different simple tones nr harmonics inhs wliicli it 
may l)C resolved, 

324. Fourier’s Analysis, ft was sliown hy tin* dist ingihshed 
French mathematician, lH)urier, that any regular |H‘riotlii’ vihra- 



Fig. 175, Vilaation curves Fig. 175. Uoaihiiiatieii ef vitiratiiaw 


tioii, such as can takt^ 'place in a sound wave, may In* reso!ve«l 
into a sum of simple harmonic eomjxMuad:'^ id! of which ladoiig to a 
harmonic series, in which the fundamental has tin* same |>c*riod as 
the vibration ana.lyzed. I'hus, acconling to fins theorem of 
Fourier, it is possible to analyj:e any sound wave into its simple 
harmonic components, and it is these simple harmonic ctmi{K:i- 
nents which are the sim[>le partial toiu*s didec.ied I>y resonators. 

For (*x,a.rn]>l(\ the upper curve in tlgvire 175 rrprtv-mf a simple 
sine wave. The three lower curves n'prrsent waves liaving the 
same wave length and therefore the same periodicity as tin* ii|iper 
curve, but they represent entirely different modt*s of vi'lirafiom 

Now, according to Fourier’s tlicorem, eacdi of these curves can 
be resolved into simple harmonic components. In figure 17tJ, 
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for examjilej the wave forms expressed by the heavy lines are 
the resultants of the simple harmonic waves represented by the 
dotted sine curves. The resultant curve in each case is obtained 
by adding the corresponding ordinates of the two component 
curves. In the first two cases one component has the same wave 
length as the resultant, while the other has half that wave length. 
These two components have the same amplitude in the first case 
as in the second, but their relative phases are different in the 
two cases and hence the resultant curves are different. In the 
lower curve one component has one-third the wave length of 
the resultant, while the component having half the wave length 
is al)sent or has zero amplitude. 

326. Musical Tones. In tones suitable for music the upper 
partial tones fall almost exactly into the harmonic series, start- 
ing with the fundamental; that is, their frequencies are very 
nearly exact multiples of the 
frequency of the fundamental. 

l^ut the partial tones given 
out l)y l)ells and plates when 
struck do not correspond, even 
approximately, to the lower 
terms of the harmonic series, 
and are quite unsuited for Resonator and manometric 

music. flame 

326. Koenig Resonators and Manometric Flames. The 
French acoustician, Koenig, made use of resonators in which the 
front part was cylindrical and could be pushed in or drawn out 
so that each could easily be adjusted in pitch. 

Ik) observe the vibrations of the resonators he employed 
manomelric Jlamcs, A small, flat, disc-shaped box or capsule of 
wood was divided into two chambers by a thin membrane, such 
as gold l)cater’s skin. The cavity on one side of the diaphragm 
was connected by a short tube with a resonator, while the cavity 
on the other side had two openings, through one of which illumi- 
nating gas was admitted, while the other was connected with a 
fine jet where the gas burned in a small flame. The vibrations of 
the air in the resonator were transmitted through the diaphragm 
in the manometric capsule to the illuminating gas, causing the 
flame to dance* 
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lltc i!ruig(‘ of such a ilainc vicwcMi in a rntatin,t^ inirrnr is 
ilniwn out in a haml of light which vvlaai tlu‘ tlainc is in osnillation 
slanvs sta’rations like saw teeth, as shown in iigure ITS; the par^ 
tienlar form of the st*rrations revt^aling tlu' modi* i>f vihratiirn of 

the tlame. 

327. Sensitive Flames. UniU/r 
some conditiims a gas llanu* may 
l)t* vt‘ry SiSisitive tt> stnuul. A 
small t'ylindriial jVt is ria|uireii 
having an aperttna* uIhuU fl.a mm. 
in diamtUi’r, an«! llm pri*sMiri‘ must 
In* such as tt> la'inhu i* a hmg tlame 
jtisl (»i the brhtk t>f rthtritm, A fua's 
sure t)f about h im of water is 
CiHtmamly riaiuirtHf, Sui*li a tlame 
is sensitive tin* vibrations <d’ vx-^ 

' ei*t‘(tingly short wavi’S i>f Siumd. 
j and breaks into a> sh«n1er tlaring 
; or roaring tianu* when a bunch td* 
j keys is jingUni in its vit/inity iir a 
sharj) hiss givem iu* a Vi*ry high'- 
pit t‘lu‘il whistle soumied. 

lly mtnins of sensitivi* fhunes 
sound waves so short as to lx* <|uitt* inamlilde may be dchHletl, 
and their interference and rellection studiish 

328. Photography of the Shape of Bound Waves, lire diriHi 
j)lu)togra])hy of wave forms of sound vi!)ratiims has been Hiict*t*ss« 
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Idea Mi), PhoiKKleik 

fully accomplished by Professor Dayton (b Miller by means o 
sensitive instrument invented l>y him called tlie pfmnmieik, 1 
;prim‘ij')le of this instrument is shown in figure* I7!b Kfuind wjo 
enter the horn // and produce vibrations of the delicate gf 
diaphragm I). A tiny mirror M attached to a steel spindle set 
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jewelled bearings is made to rotate back and forth exactly with 
the diaphragm motions by means of two or three fibers of silk 
attached to the center of the diaphragm, and passed once around 
a small pulley on the steel spindle and fastened to a spring, S. 
A ray of light from a small hole is focussed by the lens L and is 
reflected from the mirror to the moving photographic film F which 
registers the motion of the spot of light. Figures 180 and 181 



Fig. 180. Vowel sound oo 


show records of the vowel sounds oo and ee obtained in this 
way. Idle iilm records give the diaphragm motions on a greatly 
magnified scale, so that it is possible to analyze the sound into 
its various harmonic com]K)nents (§ 324) with considerable accu- 
racy. l^y means of special groups of adjustable organ pipes 
.Professor Miller has not only reproduced various musical tones 
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Fig. 181. Vowel sound ee 


t)ut also the sounds of the human voice by accurately superimpos- 
ing the harmonics which these sounds were found to contain from 
a study of their film records. 

329. Photography of Sound Waves in Air. It is a very inter- 
esting fact that sound waves produced by sudden concussions, 
such as those produced by a spark of a la»ge Leyden jar, or by 
the (Iis('1iargc of a gun, can be photographed as the waves 
travel through the air. Figure 182 shows shadow photographs 
of sound waves spreading outwards from a knob where a spark 
discharge has just taken place. The photographic plate is 
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A. ^<,.urlH>u*(Iioxi<lo Ivns. Spark at B. Bkuir ip-atirij::, |o»r apui1tirr,H 

prim‘i|jal focus. Rcfrartial wave plane \\avt‘ .BBBH) a,f!rr spark. 

IluyKcii’M Prinn'|)le \'rnliri| By 

Both the retlcila'B ;uh{ tlir traiismiltwi 

wavtss 



C. IlytlroKcn Urns, Curv.-iUirt- of D. of wilpliiir liUni.tr ^■n^ 

refmcU'tl wiivo slightly incn^iuml Kt‘fra<-t«! wavo . oiu ciTfiit' 

I'ic. 182 . Stiund wave iihofofir.iph ;. Sound wave .>!tar(it ul itio ktiob at 
Cfiitor. (I'holographfd Iiy I'rofwwr A. L. f-dlcy) 

screened from tlie liglit of (he .Hptirk, which jwiduces (he .sound 
wave, but is illumiMalcd by (he light from a second .spark pro- 
duced a little later than the finst spark at a grttater distance frtjni 
the photographic plate. The light from the s(*cond spark which 
passes through the condensation wave productid l>y the linst 
spark has its path bent slightly. This resuIt.H in an unevenness of 
illummation of (he photogr:i]ihif plate, which on devi lupnn iit 
reveals the presence of the sounfl wave as shown in figure IK2. 
The photogrtqihs of figure 182 were taken by rrafe.H«>r A. L. 
holey of Indiana University. 
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By this method sound waves from the muzzle of a gun and 
also the bullet with ripples produced by it in the atmosphere 
can be seen. 

330. Architectural Acoustics. The photography of sound 
waves has also been employed by W. C. Sabine in the study of 
the acoustic properties of theaters and halls, to find out how echo 
eilccts may be reduced. The course of the sound waves and 
their echoes were observed in small cross section models of the 
theaters studied. 

Sal:)ine found that for the best hearing, halls should have echoes 
which last about one second. When the echoes were more pro- 
longed they interfered with good hearing, and if they died out 
too soon the sound was too dead to be pleasing. The walls and 
interior parts were built of or partially covered with suitable 
sound absorbing material to cut the echoes down properly, which 
might be in the form of curtains or a special sound absorbing 
('ornpound. Ordinary wood and masonry reflect so much sound 
that they are ol^jectionable as surface materials of large 
rooms. 

shape of a hall or theater is important, since the sound may 
come to a strong focus at certain spots. This effect is illustrated 
in the famous whispc‘ring gallery in the dome of St. Pauhs Cathe- 
dral in London where a low whisper on one side is clearly heard 
on the other, and sounds as though the source were close to the 
listener. 


REFERENCE 
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Interference and Beats 

331. Superposition of Waves. When the same portion of 
fluid is traversed by two waves, the motion of the particle will 
be the resultant of the two and may thus become very com- 
plicated. 

In case of surface waves in a liquid the eye can readily observe 
a series of short waves running over longer ones and preserving 
their motion as though over an undisturbed medium. 
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332. Interfereace of Waves. Su])p<)st‘ .1 aiui /> art' flu* rt'iitcrs 
of two series of waves of the same wavt* It'uirlli aiui amplit mU*. 
Then there will be certain i)oints, as at ( \ wlwrv wa\‘t*s frrmi lire 
two sources act together so as to pnaiact' grt'af bisf urlKuice. 
Suppose the lines in the diagram represtad the crt'sts of wavt's, 
then at the points C the crest of one wavi* is sn[)erp<rst‘d mi an- 
otherj while at C the trouglis of iwo wavt's etmie a 

half period later tlie trt'sfs will 
be at ( '^ and the* troughs at ( 
There will result, t herehna'. alitiig 
tlu' line c ’( " a seuie-s of uaves of 
dou)>le tlu* aniplif ude of the 
original wavi's. At t tu’ |unnts /), 
howt'Vt'ia the of a wave fnnn 
one center tahneiiles with the 
trough t>f a wave frtmi tta* other, 
tliert'fore llua e will In* a I least 
a ])a.rtial m'utrali/alion at points 
along llu* liiH' i>I)\ If tlie waves 
eoniing P^gethi’f at !> Iiave ecjual 
arnplitudes aiuI equal wav<' lengtfts and are also sinijde tiarinouir 
waves they will separal('Iy prodma' at /> equal and opposite 
(iisphieernenls at (‘vt'ry instant and will therefbta' « « aiq 
neulrahze (‘a.eli otlu'r. 

This interaDion of two st'ls of waves by which at ciUlain 
points one is more or h'ss <*(HnpU't(*Iy tieut ia!i/a‘d by the idher 
is known as ////cr/crcacc. 

333, Energy is Not Lost in Interference. Wluai thtu'c is coin* 

plete interfer<aua‘ at any point thert* is no nudion id' tin* itiialium 
and no energy at that point, but \hv (*nergy of tlii' two inter''' 
fering wa,ves is lad lost or (Ucstroyed lad api'iears at neighbor 
ing points (sueft as (\ Fig, 1H3) where tire anij.litudt' iif the 
component waves is adde<L For at these points the* «mergy 
of the resultant vibraiion is four times what if woidd la; if one 
of the trains of waves were supprchscif. llierc' results from the 
interac'tion of lln^ two wave systems u itisitHwiitja «tf 

energy, but th(* total energy remains umdiarigyal, 

334, Interference of Sound Waves. Tlu* interferenei* of 
sound waves is well shown in the following e>.pr! injrrd . The 



Ido. liSa. I nt<‘rft*rcnct* of wavrs 
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sound waves from a tuning-fork (Fig. 184) enter a suitable re- 
ceiver which is connected to an ear-piece by means of two tubes, 
one of which has a sliding portion by which its length can be 
varied. When the tubes are adjusted to be of equal length 
the sound of the fork is distinctly 
heard, by the observer at E. As 
the sliding tube is drawn out, 
making one tube longer than the 
other, the sound grows fainter 
and reaches a minimum when one 
tube is longer than the other by 
a half wave length of the sound 
waves sent out by the fork, for in 
this case the waves reach the ear 
through tlie two tubes in opposite 
phases and interfere. If the slider 
is drawn out still farther the sound increases in strength reaching 
a maximum when one tube is just a whole wave length longer 
than the other. 

If two similar organ pipes of the same pitch are mounted on 
a rather small air chest, as shown in ligure 185, and sounded 
simultaneously they will usually sound in oppo- 
site phases, owing to an oscillation of the air in 
the air chest itself. The sound waves coming 
from one pipe will thus interfere with those from 
the other and the ftmdamental tones will be 
almost completely neutralized, the higher har- 
monics will, however, still be heard. 

336. Beats. If two organ pipes sounding to- 
gether are not exactly of the same pitch the 
sound comes in pulses or throbs called heats. 
For in this case one pipe is giving out more vi- 
brations per second than the other and, con- 
sequently, the relative phases of the two are 
constantly changing, as shown in the following figure where the 
dotted curves represent the waves from the two pipes, one of 
which is sui)posed to give out eleven vibrations for every ten of 
the other. The full line represents the resultant motion. It is 
clear that while one pipe is gaining one complete vibration on 





Fio. 185. Inter- 
ference between 
organ pipes 



Fig. 184 
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the other, there will be an instant when the waves art* in 
phase and interfere and another instant wlu'n tluw will In* in tiie 
same phase and strengthen each other. Hun't' will, tlun’efurt*, I)e 
one hundred beats in the time in which one pipe* has inadt* oiu‘ 
hundred more vibrations than the other. Or ij luic pijH' wu/ow 
m mbrallons per seeand and l/ic other (he namber t[f heats per 
second is m — n . 

Beats are easily heard vvium two atlj«)inii!e lioles mt thr piano 
or organ arc sinuilta.iU‘ously struck, and the lower the* notfs ari‘ 
on the scale the slower will l)t‘ th(‘ lu’ats. iieals are not ht‘ard, 
however, between notes that are very tlitYerent in piteli. hor 
example, no beats would b(‘ Inward in east* of two sirn{»lo ftmes, 
one making 200 vil)rations |)er seeond and the other *'100 vibra- 



lute 180. Format ion of fjeals 


tions, though if oiu* math* 2000 vil)rations and lire tuhor 2100 
there would !)(* 100 l)t*ats pta* sta'ontl, Iu‘ard as a tlistimily jarring 
roughness. The (*x|)lanatit)n of tins was ^r^iven hv 1 felriihtdtz 

(§ 371). _ 

In tuning two strings or (wo forks (<» tniison (hry am ailjuslctl 
until no hcait.s axe; Iiraril. If i( is rciinirt'd that two titiihii' futl, , 
shall Ik: very accurately of tlu* same pitcfi tlicy may he lumal to 
make the same number of heals per seemui will* a tiiini fork, 
as it is easier to count accurately three or four Iteats ju-r second 
than to <lislitiguish between no brats at ;dl and very slow beat ing. 


Standino Wavks .an’o VuiKATiNo Homi:s 

336. Transverse Vibration of a Cord. 'l ake a long llesible 
rubber tube or otluT elastic cord li.xed at one end. as al /* 
(Fig. 187), and, holding it slightly taut, let lire hand give a 
sudden movement to one side ami Iraek again. 

A wave is set up as al A which runs the lengtlt of Ilje ta»rd, is 
reflected at P, and returns on the opposite side of the citrd us 
shown at B. On reaching the hand it i.s reflected to .4 an«l the 
motion is reiJeated. Thus the cord makes a ivn.y/, .',- rilmUi<m 
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and returns to its original form in the time in which a wave runs 
the length of the cord and returns. 

If the wave is not sent out by so sharp a movement it may take 
the form shown in the lower part of the figure where the cord 
simply swings to and fro or vibrates sidewise. 

But this vibration is just as truly due to a wave running along 
the cord and back again as in the first case and the period of one 
complete vibration is the 
time required for a trans- 
verse wave to run the length 
of the cord and return. 

Now, suppose waves 
are sent out by the hand 
with twice the former fre- 
quency, a wave will start 
from the hand at the 
same instant that the pre- 
ceding wave starts back 
after reflection. The two 
will meet at the middle and, as they are on opposite sides of 
the cord in consequence of reflection, they will exactly neutralize 
each other at the middle point, which will, therefore, remain at 
rest and the cord will vibrate in two segments. The vibrating 
segments are called loops and the points of rest nodes. The 
period of a complete vibration is in this case only half that of 
the fundamental period when there is only one loop. 

If waves are sent out with three times the frequency of the 
first case, the cord will break up into three vibrating segments, 
with intermediate nodes, and with greater frequency of vibration 
a still greater number of segments may be produced. 

337. Standing Waves. These vibrating segments are a 
particular case of what are called standing waves ^ which are set 
up in water or air or in other elastic bodies by the interaction 
of similar trains of waves running in opposite directions, and 
are usually due to reflected waves meeting those which are 
advancing. 

Standing waves are easily observed on the surface of water 
in a circular vessel in the center of which a periodic disturbance 
is produced. If the period of the disturbance is so adjusted 



Fig. 187. Waves in cord 
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tluit the wave let 4 »:tli |>ro<luee<i has th(* n*lation to the 

size of the vt^ssel, n sttauly state is protha'iHl in whii’h \va vt‘S 
outward meet tlH‘ rt‘tleetc‘<l waves, eausiai*; noilal rinas winav 
tlu‘ water is at rest, Ikawiaai tht‘S(‘ rin^s tla‘ siirfat'e oseillates 
up aiul down. 

Siaiuling wavt^s are also pnxhuaal in organ pipes !>y tlu* re- 
tied ion of tlu‘ air waves from tin* taals of tlu* pipvs. 

338. Formation of Standing Waves in Cord. Ilu* tiiagram 
(d'ig. I<SS) illiist rail's tlu' mo(k‘ of formation of no<!t‘s and loops in 
a cord. 

The (lotted line represi'iits a wavt' traveling from right to left 
along tile cord, vvhili' the hrokmi liiu' ri'pri’staiis an t‘i|ual train 
of wavi's moving from left to right as indicated Iw the arrows. 
The resultant wave is shown hy tlie eontinuous curvtal lima 
and its ordinate at any point is tlu‘ sum of the ordinates of 



the two (‘oniponent curves at that point. It wilt be olist'rvixl 
tliat tlu^ cia'StSof the two eomponent waves art' apposn hine. eacii 
other at liu‘ i>oints markcal and a momimt lalta* will coincide, 
d'he nrsullant wavi' will tlum be at a maximiirm A «|uarter 
period later the two eompoiu'nt wa.ves will (*xactly netit raii/.t* 
each other, the crest of om* coming exactly over tlu* trerngh of the 
other, and the ('ord which lakes the resultant form will at that 
instant be straight. As t!u‘ waves move still liirtlicr tlie ca'ests 
A and C‘ will c'ome togetlu'r in tlu' middlt' of tlie diagram and the 
resultant wave will then show a form just oftp-ositi' to tftat in 
the figure, being bent up in the middU* atid down on eaiT side. 
A little consideration will show that there will never in* miy dis* 
placement at the I'loints Ab ;V'; for in any position of l!ie two 
com,i)ontmt waves one is always as iniu’h above such a point as 
the other is Indow it; these points are thi'refon* nodes., and ihe 
distame between consee-uim nodes is (nicAMlf iht arntm 

length. 
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339. Velocity of Wave in a Cord. The velocity of a transverse wave 
along a stretched cord may be deduced as follows. Suppose that an in- 
finitely long cord having tension T and a mass per unit length m is drawn 
rairidly through a bent glass tube as shown in the figure. If the cord were 
at rest it would produce a pressure against the tube in consequence of its 
tension. At a point where the radius of curvature of the tube is v the pres- 

T 

sure against the tube, or force per unit length, is being greater the more 



Fig. 189. Solitary wave in cord 

sharply curved the tube is at that point. But if the cord is drawn through 
the tube with velocity V, its centrifugal force per unit length as it runs over 

f}i K" 

the curved part of tlie tube is and this acts to diminish the pressure. 
If the speed is just right, one will exactly balance the other and we shall have 


m _ T 
r r 



m 


Since t lie radius of curvature cancels out of the result, the speed at which 
there will be no pressure against the tube will be the same whatever its 
radiu.s of curvature may be, and consequently whatever its shape. Suppose 
the cord is now drawn along at this critical speed, the tube may be made to 
vanish and the bend in the cord will i*emain unchanged. If, now, the 
oliscrver moves along at the same rate as the cord from left to right, the 
cord will appear to him to be at rest while the bend will be seen to travel 
along the cord as a wave from right to left with a velocity V, where 


The velocity %mth which a transverse wave runs along a perfectly flexible 
cord is thus determined from the relation 

Velocity of the wave in cm./sec. 

340. Transverse Vibration of Cord. It has already been 
shown that the time of vibration of a stretched cord when it 
vibrates as a whole is the time required for the wave to run 
from one end of the cord to the other and back again. Or if it 
is vibrating in segments the period of vibration in one of the 


V Mass Dcr cm. in arams 
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st'Ltnu'nts in the tinu^ re<iuirt‘<l for the wave to run t wiiH* the length 
of the si-gineiil. If I be the length of tlu' tH>rd or tht‘ distance 
between consecutive iumIcs, the period of vil^ration /■ is 



and if « is the frc‘quency of the cord, or nuinl>er of vibrations i)er 
second, we have 

1 

„ ^ 

where V is the velocity of a transvea'se* wavt* aJong tin* cord. 
Substituting the value of I' from the prtHa«ding fiaragraph we 
have 



a formula which c!xpn‘sscs in t'(unpaet feuan tin* following three 
laws : 

L The number of vibrations per second ntadi' Ijy a string 
undew a given tension is inversely proi>ortionul to tlie length of 
the vibrating segment. 

2. In case of two strings of thc^ same* Icmgth and mass per 
unit length, the frc*([uenci(‘S are proport it^nal to t!ie s{|uart* roots 
of the tensions; thus if one has four lintes tire temsion of the 
other it will make t.wic'e as many vibralions [kt sec'tmd. 

If two strings have the same* length and ma* under cai'ual 
tensions, their fr(‘(|U(‘n('ifs will })e inversely piop , .1 tinnid to the 
sc|uare roots of their masst?s per unit length. Hius if oin* is four 
times as heavy as the other, it will have only half the fri'-pnitcy. 

341. Upper Harmonics of Cord. It lias already taam seen 
that a stretched cord may vibrate not only as a whole, bill it 
may also vibrate in two segments or in tlirce, and so on. These 
inodes of vibration may be easily established liy tcuiching the 
cord lightly at a point wliere a node is desired and at I lie same 
time bowing it at a loop. For instance, if a c'ord is Itnicdied at 
one-fourth of its length from one end and then bowtai half way 
between the end arul the ixiint where it is touched it, will vilirate 
in four segments and give a tone which has a frr.quency four 
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times that of its fundamental mode of vibration. That the cord 
actually vibrates in this way was prettily shown by Tyndall 
as follows: Little riders of bent paper were hung on the cord 
at the points where nodes were to be established and others 
midway between them on the loops. On sounding the cord as 
above described all the little riders on the loops were “ unhorsed,” 
while those at the nodes remained undisturbed. 

These partial modes of vibration of a cord are known as its 
harmonics^ because if the fundamental mode of vibration of 
the cord has a frequency of n vibrations per second the partial 
modes of vibration will have frequencies 2n, Sn, 4:n, bn, etc., 
according as the cord vibrates in 2, 3, 4, or 5 segments, respec- 
tively; thus the frequencies of the partial modes of vibration 
are related to the fundamental as the terms in a harmonic series. 

If cords were perfectly flexible this would be exactly the case, 
but as actual cords always have a certain amount of stiffness, 
which affects the higher harmonics where the vibrating segments 
are short more than the lower harmonics where the vibrating 
segments are longer, the above is simply a close approximation 
to the truth, and the cord when vibrating in four segments, for 
example, will have slightly more than four times the frequency 
of the fundamental. 

342. Superposition of Vibrations. When a string is struck or 
bowed, a number of these different possible modes of vibration 



3 

Fig. 190 . Two simple vibrations combined 


are in general set up simultaneously. The form of vibration 
assumed by a cord in which two such modes of vibration coexist 
is shown in figure 190. The dotted lines show three positions of 
the cord simply vibrating as a whole in its fundamental mode. 
The full lines, however, show its form when it is at the same 
time vibrating in two segments, the two halves vibrating with 
reference to the dotted lines just as they would have done about 
the middle straight line if the fundamental mode of vibration 
had been absent. 
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343. Experimental Demonstration. 'I'haf smii a i-orxistcaico 
of ditTeiTiii nunles of vi!)rat‘uMi connnonly <‘xis!s in a, string* may 
1)0 shown hy tlu^ follow'ini;' twptnmnfnt . Tlurk tho striirijjof a 
soru)metor strongly at, say, ont* fourth of its longth from one 
end; then touching llu^ siring lightly at the rniiltilo. its fun^iamcn- 
tul mode of vibration will In* dani|>(,‘(l, hut it will still he fri‘t* to 
vilrrate in two segments and tlu* toiu* characttaastic of that mode 
of vibration, an ot'tavt‘ higlua* than t h(‘ fundamental, will he heanl 
still sounding. Or if struck otic -sixth of its lengtli from om* tmd 
and then tonchecl liglitly at oiu'-tliird of its Icttglh. flic fumlamcn- 
tal imnlc will h(‘ dam{H*d whiU' it will still ht* luxird sotmding a 
tone having thiaa^ tinu‘s tlu* fnajutau'y of tlu* futuianumtul. 

344 . Young’s Law. !17/c;/ a slriny^ is stnirk tii aav /avX/ 
only if/ose niothw' of 'vihrdlion arc set off -.oliitii do no! hovo osulrs 
ill ihai fxiiiil. 

IVkcn a slriny is louchod <// any jndnt all vibrations aro diimfvd 
that do not have nodes al Unit point. 

It is clear from tlu‘st* laws that in order to stop alt the vibrations 
of siring it should Ik* clamped at tin* sanu* ptant wlu‘re it is 
struck. This is done* iu tlu* piano. 

345. Quality of Tone. Strings arc suited for inirdcal itistrn- 
ments luvaust* llie partial tom^s that they give out Iiave fre- 
(liu‘neies wliieh form a harmonic* series with the* fundauunital, 
and all tlu* Iowct tonc*s of a harmonic* sc*rics as far as tin* sevcmtli 
harmoidc' art* |>l(*asing wluai sounder! togetiu‘r. T1u* sevemth and 
nintli harmonic's arc*, liowevi*r, dtnadisHy inharmcmiom. with tlu^ 
others, and llu*rc*fon‘ it is desirable* that in mudea! inslrunnmts 
the strings should Ik* striu'k or howi*d in such a way that flu^sc* 
harmonics may not l>c dc*velopt*ch 'rids is a« Mao]>l3 hr.! in t!u» 
piano by striking the strings ahont one sc*vc*ntli or rnr rig;iith 
of tlK*ir length from one (‘ud, so that al! tin* iiarlial modes of 
vibration having nodes m*ar thal point arc* wmii. 

The hardnt*ss of the hammer in a piam^ also Iia,s a. dc*cidc‘d iiU" 
■fluence on the tone. The harder the* hammer tin* more stair |)!y 
the string is bent when struck and the more promirienf arc the 
higher harmonics. If the hammer is too soft tin* torn* is soft and 
lacking in the richness that comes from the proju'r slrcngtlt ol the 
harmonics, 
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Organ Pipes and Wind Instruments 

346. Organ Pipes. An organ pipe may be considered as made 
up of two parts — a vibrator and a resonator. There are two 
types in use, JluLc pipes, in which the vibrations are caused by a 
stream of air rushing against an edge, and reed pipes, in which the 
vibrator is a thin strip of metal. 

The construction of a jlute pipe is shown in figure 191. At the 
lower end of the pipe is the embouchure or mouth which is like 
that of an ordinary whistle. Air, forced into the 
air chamber at the bottom, escapes through a 
narrow slit against an edge just opposite. The 
upper part of the pipe is a tube which may be 
either open or stopped at the upper end, and 
constitutes a resonator which reinforces the vibra- 
tions set up at the embouchure. 

If a blast of air is sent through a skeleton pipe, 
which has a mouth-piece but no resonating cham- 
ber, a soft whistling noise is heard which rises in 
pitch with the force of the blast. The pitch of 
this tone also depends on the bluntness of the Fig. 191. Sec- 
edge against which the blast strikes and its dis- organ 

tance from the ot)ening. If the pipe is now pro- 
vided with a resonating chamber of a proper shape and size 
to reinforce the vibration, a strong, clear tone will be given out. 

The vibrations appear to be caused by the friction of the stream 
of air against the edge, together with its inertia, just as little 
waves are formed on the surface of a stream of water in front of a 
wire or rod which cuts the surface. 

The vibrations caused in this way are taken up by the air 
column in the pipe, which as it vibrates reacts on the stream of air 
at the mouth-piece, causing it to be deflected alternately inward 
and outward in rhythm with the vibration of the air column; in 
this way regular impulses are received by the air column, and a 
strong vibration is maintained. 

In case, then, oi Jlute pipes it appears that the size and shape 
of the resonating cavity is what chiefly determines pitch, though 
a certain adaptation in the form of mouth-piece and strength of 
blast is required in order to evoke a good tone. 
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347. Nodes and Loops in Organ Pipes. '{'lie vihraliun a! the air tadumn 
in an organ pi|>e is a case of st.ariding wa,ves an«l is iIik* ft) fhr inU*raciion 
between waves running up the pipe aiul rellectt‘<l wavers iiuolng in the 
opposite direction, forming nodes ami loops just as in the case erf the vilira* 
tions of a cord, 

I'he u|)i>er jiart of figure 192 retiresiaits soutid waws advam ing frum left 
to right in the direction of tiie uppt‘r large armw. hi (auideiiseii pentioim 
of the waves at C \ and ('2 tlu* particles are moving furwanl in thi* tiiri‘cti<ui of 
atlvancement of the wave. In the raretied portionsat Ah and A’- tlie partieles 
have a liackward velocity. Imnualiately under liu.s is re{>re;.e£ited the state 
of things in waves returning from right to left. 11 h* {>arltt!e* in the c<ai 
dense<l p<irtions of these waves have a velocity fnan right !»» left as shown by 
the small arrows, aaid from left to right in the raretied r(*gi<ms. If, now, 
these iwai sets of waves pass sinudtaneously through (he same mass of gas 
the particles take the resultant motion and mnle.s am! loops are formed in 


> 



Fig. 192. Formation of nodes and loo|'w in organ pi|ie 


the positions indicated in Ihc^ lower |>art of the diagram. Idn* if Is clear 
that the rarcfaction.s Ah a.nd Ah will reach sinudtaneously* femling to 
produce oppo.site displacriiH'ut.s, and a lialf period later the condensations 
Ch and (‘j will coim^ logetium at the same ptiiid, leiidifig also to produce 
opposite <lisi.)lac(am*nt.s, ami a little con.suleration will stanv that al every 
instant the two sets of wave.s will ludance each of'ht*r at ,Vh so that ttse 
particles there will remain al rest. So alscr at Ai, and whirli are tiuis 
nodes. But al La the rarefaction Ah of tlie aitvancing wave will arrive at 
the same instant as the condensation th of the returning wavr*. and Hiiice In 
both of these the velocity of the parlich^s is from rigid to left tlic rcstillind 
velocity at La will he from right to left at that instant. A half perimf later 
when 6h and Mi come together at Lu tlie parliiles there will liave a fimviimim 
velocity from left to right. 

Thus the air between nodes .Hurges hack ami forili, in one liiiff vibriiiiori 
swinging toward N>,t on Iroth sides and pnahicing a tantipresHioii fiirre as 
shown in the lower part of figure 193. While In the next half vilirafion the 
air layer-s swing away from /V^Gind toward Ni and N.u lutKlnciiig riiri‘fac*ti«i'i 
at Nil and conclensations at Nt and A 3 , as in the ufiper part, of figure 193. 

At nodes, therefore, the greatest changes in pressure take place, although 
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the nodal layer itself remains at rest, while the motion of the particles is 
greatest in the loops midway between nodes. 

Successive nodes are a half wave length apart and are in opposite phases, 
one being a point of rarefaction at the instant when the other is a point of 
condensation. So also the phases of motion in successive loops are opposite. 


i 

Ni 

Fig. 193. Opposite phases at nodes 



348. Kundt's Experiment. The nodes and loops in a vibrat- 
ing column, of gas are beautifully shown in the following experi- 
ment due to Kundt. 

A glass tube about 5 cm. in diameter and a meter long is tightly- 
stopped at one end, while in the other is fitted a light piston 
of cardboard attached to the end of a glass rod which is clamped 
firmly at the middle. The rod is set in longitudinal vibration by 
drawing along it a wet cloth held firmly clasped around the rod. 


Clamp 

— -CF- 

Fig. 194. 


Kundt’s tube experiment 


By adjusting the position of the piston A in the large tube a point 
is found where the air column between A and B is in resonance 
with the vibrations of the rod. The air is then set in such power- 
ful vibration that any light dust in the tube, such as lycopodium 
powder, is driven out of the loops and gathers in little heaps in the 
nodes. This will occur when the sound waves run the length of 
the air column and back in a certain whole number of vibrations 
of the rod. In the diagram there are six loops indicating that the 
rod makes six vibrations while the wave runs the length of the 
tube and returns. 

The stopped end is exactly a node, while the piston end, where 
the motion is communicated, is very nearly a node. 

The distance between nodes is a half wave length and may 
easily be measured with considerable accuracy. The tube may 
now be filled with some other gas and the distance AB again 
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atljusU'd and (Ik^ disluiuv In'twccn nmli's ftnuui lAr this also 
and siiuT the I’m nunu-y of vibration of (lu- jdass md is the same 
in })oth rases the velority of sound in the >ras is to that in air 
in the same ratio as the distanees between noiles in the two 

ca,si*s. 

In this way the velority of souml lias been measured in a iarj'e 
luunber of jiases tind vapors. 

349. Reflection in Organ Pipes. Rellertion of waves takes 
place in general when a wave meets a boundary where there is a 
change of medium. 

In a stoi)i>ed organ [lipe. ;i wave running ui) the pipe meets the 
unyielding end, a, nd must therefore be retlerted in .mu h a way that 

nuulrl 

the refltH'ling surhux* is a Hodi\ or th’ no riitHioij, In an opni 
pipe it is (fuitt* tlu* rt‘v<‘rse, tlu^ wavt' advaiieiit^it in tie* pipe on 
cominpj to the open <‘n(l i’nids a freer rnediuno niii onHi rained hy 
the walls of t he pipe, and therefon* rtdltHiiiai tala‘s plaee. Init in 
Stull a, way tlial tlu^ t‘nd is a. loop or jioint ^u'eat mo! ion. 

M'1k‘ ineehanieal nuxkl reinatsiaded iii fi|pin* pin wtl! serve to 
make <lear tlu‘ nalurt* of tliese two kindD of rellei tiorn dim 
fiRaire rcprestmis a. stnadts of halls restinrt: in a frietionle’vs ^rroove. 
Half ar(‘ larpmr and of |^r(‘at(*r mass than tin* other haJh and all 
are conneeted together liy springs d* e<{ua! stilTness. Mipp‘» o the 
lefldiand l.iall is givtai an impulse forward, the spring between it 
and the next will lie e<»iiipres-.(*d and tiu' mofi<m transmittmf as a 
wave of eom|>ression from oiu* to the otlier and so on along the 
line, each co,ming to rest after giving up its mrdion to tiio.sc* aiieatl. 
But the last of the row of large* balls will move fVirward more 
freely than it would have eloiu* if tliere hufi iHaai no efiange in the 
size of the balls, and, tlierefore, it stn*tt'!u*s tiu* siulitg bidiinfl ip 
which gives a forward pull to the bull next htliind it and ho st*ndH 
back a wave of rarefaction. 1 his is tiu.* kind ot retli*t'*tion wiiicli 
takes place at the open emd of an orga.n pipe. 

When, on the other ha.nd, a eonijH'{‘!'iNj<jn'd wavi* rs stait from 
right to left along the row of small halls, the last <me does not 
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move forward as far as it would have done if there had been no 
change of medium, and the spring behind it is, therefore, more 
compressed and gives a backward impulse to the preceding ball, 
sending a compressional wave back through the series. This is 
the kind of reflection which takes place at the stopped end of an 
organ pipe. 

350. Open Pipes. In open organ pipes there must^ therefore, 
be a loop at the top and also a loop at the mmdh for there is great 
motion of the air at these points. Between them near the middle 
of the pipe is a node. 

The position of the node may be demonstrated by lowering 
into the pipe a horizontal tray of thin membrane covered with 
sand. If the tray is exactly in the node the tone is not affected, 
but if it is either raised or lowered a loud buzzing is heard in con- 
sequence of the vibration of the membrane. 

An open pipe sounding in this way is giving out its deepest or 
fundamental tone. Since consecutive loops are a half wave 
length apart, it follows that the length of an open pipe is half the 
ivavc length of its fundamental tone. 

I'hus an open pipe 1 meter long gives out waves 2 meters long and ac- 

corclinglv makes = 165.5 vibrations per second, since n ~ i- 

TJut: ;in open pipe may vibrate in other ways consistent with 
the condition that the two ends must be loops. Thus it may 
vibrate having loops and nodes, as shown in figure 196, so that the 
distance from loop to loop or node to node may be only one-half 
the length of the pipe, or it may be one-third the length, etc. 
The frequency of vibration in the first of these partial modes is, 
therefore, twice that of the fundamental, that of the next three 
times, the next four times, etc. 

Thus, any of the harmonics of the fundamental may be produced 
by an open organ pipe. 

The partial modes of vibration generally coexist to a greater 
or less degree with the fundamental, giving character and richness 
to the tone. The relative strength of the harmonics depends on 
the shape of the mouth-piece and the force with which it is blown 
and the shape of the pipe itself. The higher harmonics are more 
emphasized when the pipe is strongly blown. 
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The position of the nodes and loops just discussed is only approximately 
correct, as the open end is not exactly a loop, still less is the mouth exactly 
at a loop and the node is nearer the mouth of the pipe than it is to the top, 
the variation being most marked in wide pipes. 

361. Stopped Pipes. In stopped pipes the stopped end is 
exactly a node, while the mouth is nearly a loop. Thus ike 
length of the pipo is one fourth the wave length of the fundamental 
tone. 

Suppose a compressional wave starts at the mouth of the pipe, 
it runs up to the top, is there reflected back as a compressional 



Fig. 196. Nodes and loops in Fro. 197. Nodes and loops in 

open pipes stopped organ pipes 


wave, but on reaching the mouth again is reflected in the oi)p()sitc 
way as a rarefaction, then traveling up and being leflected as a 
rarefaction it returns to the mouth where it is again reflected as a 
condensation; the wave has thus traversed the length of the pipe 
four times before retiyrning to its original phase. A stopped pipe 
one-half meter long would therefore have a wave length two 
meters long and would vibrate with the same frequency as an 
open pipe one meter long. 

Stopped pipes also may vibrate in other modes than the fun-' 
damental, but there must in every, case he a node at the top of the 
pipe and a loop at the mouth. In figure 197 is shown the distri- 
bution of nodes and loops in the fundamental and next two upper 
partial modes of vibration. It will be observed that the distance 
from node to loop in the first partial mode is one-third that in the 
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fundamental and consequently the frequency of this mode of vi- 
bration. is three times the fundamental. The next higher mode of 
vibration has live times the frequency of the fundamental, etc. 
Hence a stopped organ pipe may sound its fundamental and odd 
harmonics^ the frequencies of its proper tones being related to 
each other as the series 1, 3, 5, 7, etc. The absence of the even 
harmonics causes the tones of stopped pipes to differ decidedly in 
quality from those of open ones. 

362. Reed Pipes. In reed pipes the vibrations are caused by 
a metal tongue or reed. Two forms are used, the free reed and 
the striking reed. A free reed^ represented in figure 198, con- 
sists of a tongue of thin metal riveted firmly at one end to a plate 



Fig. 198. Free reed 


in which there is an aperture just under the tongue large enough 
to admit of its vibrating freely through it without touching. 

The tongue when at rest is slightly above the aperture and 
when the reed is blown the stream of air catches it and carries it 
down, nearly closing the opening, this stops the rush of air and the 
tongue springs back, when the action is repeated. In this way a 
vibration is maintained. 

Reeds of this type are used in cabinet organs, harmonicas, and 
accordions. 

In striking reeds the tongue is a little larger than the opening 
and wlien at rest stands slightly above it. When blown it is 
carried down and clapping over the opening stops the rush of air, 
then rebounding is again carried down, thus being maintained 
in vibration. The tones from striking reeds are stronger and 
more penetrating than from free reeds. They are used in or- 
dinary tin horns and in the clarinet and in some stops of pipe 
organs. 

When reeds are used in pipe organs they are provided with 
resonators which strengthen and improve the tones. 

The tones of reed pipes are rich in the higher harmonics, and 
the shape of the resonator used greatly influences the relative 
strength of these harmonics and hence determines the quality of 
the tone produced. 
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353. Effect of Changes of Temperature. When the tempera- 
ture rises the velocity of sound in air increases and consequently 
the pitch of the flute pipes in an organ is raised. On tlie other 
hand, the effect of higher temperature is to diminish the elasticity 
of the metal tongues of reeds so that they vibrate more slowly, 
lowering the pitch of the reed pipes. An organ is thus thrown 
out of tune by great change of temperature. 

354. Other Musical Instruments. In the ilute and piccolo 
the vibrations are produced by blowing across a,n opening or 
embouchure near one end, the pitch produced being determined 
by the strength of blast and by the effective length of the resonat- 
ing cavity which is regulated by opening or closing holes in its 
side. The deepest tone of a flute, as of an o[)en orga.n ]>i|>e, is one 
whose wave length is double the length of the instrument. Wdien 
blown hard the higher harmonics are sounded. 

The mouth-piece of a fife is like an ordinary whistle or Ilute 
organ pipe, while the clarinet has a mouth-piece in vvdii('}i a 
thin slip of wood mounted over an opening forms a striking 
reed. 

In the bugle the vibrations are due to the air Ixhig blown 
between the tightly drawn lips of the player as tiny are pla(x*d 
upon a suitable cup-shaped mouth-piece, the piltdi binng de- 
termined by the tension of the lips and by the resonaiux.^ the 
tube. The long coiled tube in such instruments has a. v<uy dee[> 
fundamental tone the numerous upper harmonics of whicli c'an be 
easily evoked. The cornet is also provided with little valves l>y 
which the effective length of the tube is varied and an additional 
number of tones made possible. 


Vibration of Rods and PuAa'ics 

355. Longitudinal Vibration of Rods. If a rod of steel, say 
a meter long and a centimeter in diameter, is held ilrnily at the 
middle point and if a cloth dusted with powdered rosin and foldtxl 
over the rod is grasped firmly with the hand and drawn olT the 
end with a quick strong pull, a clear, high-pitched sound nniy be 
produced due to the longitudinal vibrations of the rod. 'That the 
vibrations are of this nature may be demonstrated by means of a 
small ivory ball hung by a cord and resting against the end of the 
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rod. The ball will be violently driven off, swinging out as shown 
in the figure. 

Glass tubes held at the middle may be similarly set in vibra- 
tion, using a wet cloth instead of one dusted with rosin. Tyndall 
was able to set a large glass tube so powerfully in vibration by 
this means that the tube was shivered to pieces. 

The middle point where the rod is held or clamped is a node and 
the ends vibrate lengthwise to and fro simultaneously toward the 
middle or away from it so 
that the bar is alternately 
lengthened and shortened. 

The vil^rations are thus pre- 
cisely like those in an open 
organ pipe where there is a 
node in tlie middle and a loop 
at both ends, and, as in the 
organ pipe, the period of a 
comf>letc vibration is the time 
reepured for a compressional 
wave to travel the length of the bar and back again. Thus if the 
velocity of sound or of compressional waves in steel is 5000 
meters per second a bar 1 meter long will make 2500 vibrations 
per second, since the wave length is 2 meters. 

The area of cross section of the bar does not affect the result, 
the same |)itch is obtained from bars of different diameters and 
shapes of cross section if they arc of the same material and length. 



By a little dexterity such a rod may be made to give a higher harmonic, 
vibrating with a node in the middle, and two others, each one-sixth of the 
length of the bar from the end. The wave length in this case is evidently 
one-third of that in the former, and the frequency of vibration three times 
as great. 


Rods of other metals or of wood or glass may be caused to 
vibrate in this way and the velocities of sound in them may be 
compared by their frequencies of vibration as shown by the tones 
which they give out. 

366. Longitudinal Vibration of Wires. Longitudinal vibra- 
tions may also be set up in wires firmly clamped at both ends by 
rubbing them lengthwise with a bit of rosined cloth. 
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Fig. 200. Transverse vibration 
of rod 




The clamped ends of the wires are nodes in this case and the 
middle is a loop. The pitch depends only on the velocity of 
sound along the wire and on its length and is quite independent 
of its tension except in so far as the tension affects the elasticity 

of the wire. 

367. Transverse Vibrations of 
Bars. The transverse vibrations of 
bars are determined by their mass 
and stiffness, and hence depend on 
Young’s modulus of elasticity, since 
it is this coefficient which determines a bar’s resistance to bend- 
ing. If a uniform free bar is struck at the middle point it tends 
to vibrate as shown in the figure, with a node near each end, and 
it may be supported at the nodes on wooden 
bridges without materially affecting its vibra- 
tion. 

In the xylophone or kaleidophone the bars of 
wood or metal vibrate transversely and are sup- 
ported at their nodes. 

358. Txxning-forks. A tuning-fork may be 
considered a bent bar vibrating in the mode 
shown in figure 200. For there are two nodal 
points, one on each leg of the fork near the 
bottom. The prongs swing alternately toward 
and away from each other, while the stem of the 
fork, being attached to the vibrating segment be- 
tween the nodes, vibrates up and down. This is Fig. 201 
made apparent by the loud tone given out when 
the stem of a vibrating fork is touched to a wooden table tof) or 
sounding board. 






Tuning-forks are often mounted on wooden resonators, boxes enclosing 
an air chamber capable of responding to the vibrations of the fork. 

359. Law of Similar Systems. When two vibrating systems 

are made of the same material and are exactly similar in dtmen-> 
sions, though not of the same size^ their periods of vibration are 
proportional to their linear dimensions. This law is shown by 
rnathematical reasoning to be a consequence of mechanical prin- 
ciples, and is illustrated in many familiar instances. 



VIBRATION OF RODS 


243 


For example, if two stopped organ pipes are constructed with cubical 
resonating chambers, but one having half the dimensions of the other, 
the smaller will vibrate with twice the frequency of the larger. Two tuning- 
forks of equally stiff steel and exactly similar in shape will be an octave 
apart if one is twice as large as the other. And so, also, if we take two 
straight steel bars, one of which has half the dimensions of the other in each 
direction, the smaller will make twice as many vibrations per second as the 
larger when vibrating in the same manner. 


360. Vibration of Plates. The vibrations of flat plates of 
various shapes were studied by Chladni who scattered sand on 
the plates and obvServed the figures formed by the nodal lines in 
which the sand gathered when the plates were bowed. Some of 



Fig. 202. Chladni’s figures 


these forms, known as Chladni’s figures, are shown in figure 202. 
The upper row shows different modes of vibration that may be 
set up in a square i)latc supported at its center and bowed at some 
point on the edge. The slowest mode of vibration is the first, in 
which the vibrating segments are the four corners. Segments 
separated by a nodal line must always be opposite in phase, one 
vibrating up, while the other swings down. This opposition of 
phase is indicated by marking them alternately plus and 
minus. 

If a resonator or wide-mouthed bottle which can respond to the vibra- 
tions of the plate is held with its mouth over any vibrating segment it will 
respond strongly, but if moved over a nodal line so that it is simultaneously 
acted on by two adjoining segments it is silent because the segments are in 
opposite phases. 

So also when the plate is vibrating as shown in the first or second diagram 
in figure 202, if the hands are held just above two similarly vibrating seg- 
ments so as to quench the sound waves coming off from them, the sound 
from the plate will be heard louder than before. 
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361. Bells. The blow of its tongue on a bell causes the 
circular rim to spring out into slightly elliptical shape, from which 
it springs back passing through the circular form into an ellipse 
with its greater axis at right angles to the lirst; thus it oscillates 
in four segments with four intermediate nodes as shown in the 
figure. Making the rim of the bell thicker 
causes it to oscillate more quickly by reason 
of its increased stiffness and thus raises its 
pitch. 

The above is its fundamental or slowest 
mode of vibration, but simultaneously with 
this the blow of the hammer sets up higlier 
modes of vibration in which the rim may 
vibrate in 6, 8, or 10 segments with inter- 
mediate nodes. These higher tones are not 
in the harmonic series of the fundamental and hence the tones of 
bells are unsuitable for music. When the bell is first struck the 
higher tones are more prominent than the fundamental, but 
as the sound dies away the fundamental tone persists the 
longest. 



Fig. 203. Vibration 
of beU 


The beating or throbbing heard as the tone of a bell dies away is due to 
want of uniformity in the rim, in consequence of which there are two funda- 
mental tones of slightly different pitch. One or the other of these is excited 
according to the point struck by the hammer, though in general, both are 
simultaneously set up. 


Musical Relations of Pitch 

362. Musical Intervals Depend On Ratios. The musical 
effect of two tones when sounded together depends upon the ratio 
of their frequencies. This is well shown by means of the siren 
(§ 314) . If four rows of holes in the siren are simultaneously used, 
in which the numbers of holes are proportional to 4, 5, 6, and 8, 
respectively, a combination of tones will be produced which will 
be recognized as the major chord — do mi sol do. And this musical 
relationship holds whatever maybe the speed of the siren, sliowing 
that whatever the pitch may be it is the ratio of the frequencies 
of two tones which determines their musical relationship. 

363. Harmonious Ratios. Tones are harmonious whose fre- 
quencies are proportional to any two of the simple numbers 1,2, 
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3, 4, 5, 6. The most important harmonious ratios and their 
musical names are here given: 

1 : 1 unison 

1 : 2 octave 

1 : 3 twelfth 

2 : 3 fifth 

3 : 4 fourth 

4 : 5 major third 

5 : 6 minor third 

The names are derived from the ordinary musical scale; thus 
the octave is the relation of the first and eighth tones of the scale; 
thQjiJth^ that of the first and fifth; the fourth^ that of the first and 
fourth, etc. 

364. Major Scale. Three tones whose frequencies are in the 
ratio 4 : 5 : 6 form what is known as a major triad. 

The major scale is a sequence of tones so related that the first, 
third, and fifth tones form a major triad; also the fourth, sixth, 
and eighth, and the fifth, seventh, and ninth. The first note of 
the sequence is called the key-note and the triad starting with the 
key-note is the triad of the ionic. . The fifth tone is known as the 
dominant and the fourth as the suhdominant, and their triads are, 
resiiectively, known as the triads of the dominant and of the 
su])dominant. 

If the tones of the scale are represented by letters as in or- 
dinary musical notation, their ratios for the key of C will be as 
follows: 


I )KKl<: NATION 
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E 

E 

G 
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B 

C 

d 

Triad of tonic 

I'riad of sulxlominant 
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Triad of dominant . . 
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365. Tones and Half Tones. If the ratio of the vibration 
frequency of each tone to that of the one immediately preceding 
it is taken, we find 

C D E F G A B c d 


Tone 


1 0 


If 


Tone Half-tone Tone 


Tone 


f f 

Tone Half-tone Tone 


etc. 
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These ratios determine the musical character of the intervals. 
When the ratio of the frequencies of two tones is or they 
are said to differ a whole tone, while those whose ratio is | are 
said to be a half tone apart. 

366. Minor Triad. In the major triad, three tones whose 
ratios are 4:5:6, the interval between the first and second tone 
is a major third, while that between the second and third is a 
minor third. If we had three tones in the ratio 10 : 12 : 15, the 
interval between the first and second would be a minor third 
(5 : 6) while the interval between the second and third would be a 
major third (4:5). Such a combination of tones is known as a 
minor triad. 

367. Minor Scale. A scale based on minor triads in the 
same way that the major scale is based on major triads is knowii 
as the minor scale. In the key of C the tones ( \ I), F, (! are the 
same on both scales, while E, A, B each differs from the corre- 
sponding note of the major scale by the interval the minor 
tone being lower in each case. These tones of the minor scale 
may be designated E flat, A flat, B flat. 

368. Temperament. Since there are two kinds of wltole- 
tone intervals (-§- and and also two kinds of half-tone in- 
tervals and f-f), and since a note a half-tone higlKu* tliarx 
D, for example, which is called D sharp, would not be tlie sa,mc as 
E flat, it is clear that many notes are required to admit of i>laying 
music accurately even in a single key; and this number must lie 
greatly increased if, we are also to be able to play correctly in 
other keys. 

In such an instrument as the violin the artist may indeed use 
true intervals, but in keyed instruments, like the piano or organ, 
the number of keys that would be required in such a case would 
make the key-board unmanageably complicated. Hence what is 
known as the equally tempered scale is used. In this sSCdile ike 
whole tones are all equal and each equal to two half-tones. And 
as there are five whole tones and two half-tones in an octave, the 
octave must be equivalent to six whole-tone intervals or twelve 
half-tone intervals; hence since two notes an octave apart arc 
in the ratio 1 : 2, notes a whole tone apart must be in the ratio 
1 -: V2, and those a half-tone apart in ratio 1 : v^2. 

The following table gives in the upper row the vibration fre- 
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quencies of notes in the true or diatonic scale, beginning with 
middle C of the piano, while in the lower row are shown the cor- 
responding frequencies in the equally tempered scale. 


c 

D 

E 

F 

G 

A 

B 

c 


261 

293.6 

326.2 

348.0 

391.5 

435.0 

489.4 

522 

Diatonic scale. 

261 

292.9 

328.8 

348.3 

391.0 

438.9 

1 

492 " 6 

522 

Equally tempered. 


The Ear and Hearing 

369. The Ear. To make clear the physical basis of hearing 
a short account of the structure of the ear will be required. 

Referring to figure 204, three principal parts will be noticed: 
the external ear channel closed at the end by the tympanum or 



Fig. 204 . Diagram showing tympanum, ossicles, and internal ear 

drum skin, the middle ear in which is the chain of little bones or 
ossicles which connect the tympanum with the inner ear, and the 
inner ear itself in which the auditory nerve terminates and which 
is contained in a cavity in the massive part of the temporal bone. 
The small bones of the middle ear are situated in the upper part 
of a tube containing air, which is know as the Eustachian tube 
and which opens into the back of the mouth through a small valve 
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which opens in the act of swallowing. The air pressure in the 
Eustachian tube is thus kept the same as that on the outside of 
the drum skin. Persons going down in diving bells often experi- 
ence a pain in the ears owing to the difference of pressure, which 
is relieved at once by swallowing. 

The inner ear consists of a long chamber coiled up like a snail 
shell, and hence known as the cochlea, the three scniicirciilar 
canals, and the vestibule. There are two openings from the 
Eustachian tube into the inner ear, one of which is closed by a 
membrane and the other by the stirrup bone or stapes, one of the 
four ossicles of the middle ear. The interior of the inner car is 
filled with liquid, the endolymph. 

The cochlea is probably that part of the ear by which musical 
sounds are distinguished in pitch and quality. It is divided into 
two parts by the basilar membrane which runs lengthwise through 
all its convolutions dividing it into two chambers. This mem- 
brane is strongly fibrous in structure, the libers running across 
from one side of the tube of the cochlea to the other. Along its 
inner edge, where it is attached to the walls of the cochlea, the 
fibers of the auditory nerve terminate, so that a disturbance of 
any part of the basilar membrane causes a stimulus to the cor- 
responding filament of the auditory nerve. 

As this membrane also gradually varies in width from one end 
to the other, its fibers vary in length like the strings of a |)ia.no 
and have their own periods of vibration, which are slower for the 
long fibers and quicker for the shorter ones. 

When sound waves falling on the tympanum cause it to 
vibrate, these vibrations are transmitted through the ossicles to 
the liquid on one side of the basilar membrane, then through the 
membrane itself to the liquid on the other side of it which is in 
contact with the flexible membrane closing the second opening 
into the Eustachian tube. The vibrations arc transmitted most 
easily by that part of the basilar membrane which can vibrate in 
sympathy with the impressed vibration, and therefore the cor- 
responding nerve filaments are stimulated. The arrangement is 
such that sounds of different pitch, awaking sympathetic vibra- 
tions in different portions of the basilar membrane, stimulate 
different nerve filaments and so give rise to different sensations. 

It is now easy to understand why the ear should analyze com- 
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plex sounds, hearing each simple harmonic component as a sepa- 
rate simple tone. For it is in accordance with the mechanical laws 
of sympathetic resonance that when in a complex vibration there 
is a simple harmonic Component which has the same period as the 
resonator, then the latter will respond. If there are, therefore, 
three different harmonic components in the vibrations communi- 
cated to the basilar membrane, the three corresponding portions 
of the membrane will be set in vibration, and consequently three 
different nerve filaments will be stimulated, exciting three dis- 
tinct sensations of pitch. 

370. Influence of Phase. From the above theory of audition de- 
veloped by Helmholtz, it is to be expected that the relative phases 
of the components in a complex tone will have no influence on the 
resulting sensation, for the same parts of the basilar membrane 
are set in vibration whatever the phases of the component tones. 

371. Beats. There is one important exception to this. In 
case of beats the pulsations of tone are certainly due to the changing 
relative phases of the two components which alternately act together 
and against each other. But this case is exceptional because the 
two tones are so near in pitch that they affect closely adjacent por- 
tions of the basilar membrane. It is not to be supposed that only a 
single fiber of the basilar membrane vibrates in response to a 
particular tone, but the adjoining portions are also set in vibra- 
tion to some extent. 

Suppose that two tones very near together in pitch are sounded 
and one excites the strongest response in the basilar membrane at 
Oj figure 205, and the other at b. 

The membrane on each side of a will also 
respond to the first tone and on each side of 
b to the second. If a and b are sufficiently 
near together, the fibers midway between 
them will vibrate simultaneously in sympathy 
with both tones; they will therefore take the resultant motion 
and will vibrate alternately strongly and feebly according as the 
two component vibrations are in the same or opposite phases, 
tience the nerve filaments connected with these fibers receive 
an intermittent stimulus which produces the disagreeable jarring 
sensation of beats, just as the intermittent stimulus of a flicker- 
ing light is painful to the eye (Helmholtz) . 


ab 



Fig. 205 
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It is quite in accordance with this theory of audition that 
rapid heats are heard as a distinct roughness and do not merge 
into a tone. Thus if two Koenig forks, one making 281(> vibra- 
tions per second and the other 2560, are strongly sounded the 
beats are heard as an extremely disagreeable buzzing, though the 
number is 256 per second, while a tone of that frequency is wholly 
agreeable when sounded with either of the forks. The beating is 
due to the disturbance of the basilar membrane l)etween the 
points where it responds to 2560 and 28.16 vibrations per second 
while to excite the sensation of a tone having a frequency of 256 
an entirely different portion of the membrane must be set in 
vibration, viz., that part which has a natural frequency of 256 
per second, 

372. Combinational Tones. Under some circumstances when 
two tones are strongly sounded, a tone is also heard whose fres 
quency is equal to the difference between the frequencies of the 
two generating tones ; its frequency is thus the same as that of the 
beats between the tones, though it is an entirely separate i)he“ 
nomenon. These dijjerential tones, as they are called, may l)c very 
distinctly heard when two high-pitched forks arc strongly sounded 
together, such as the two Koenig forks referred to in the last 
paragraph. 

Helmholtz showed on mechanical principles that when two 
simple harmonic vibrations act on a membrane to set it in vil)ra- 
tion, if the displacement of the membrane is so great that it is not 
simply proportional to the displacing force, then the resulting 
motion of the membrane will not be simply the sum of the two 
impressed harmonic vibrations, but will also include other com- 
ponents, one of which has a frequency equal to the difference of 
the frequencies of the two original vibrations, and the other a 
frequency equal to the sum of their frequencies. 

Now, the tympanum of the ear is attached at the center to a 
small bone which is drawn inward by a muscle, thus keeping the 
drum skin tense, hence it is stretched in slightly conical form, and 
is therefore unsymmetrical and resists inward displacement more 
than it does outward. Hence, according to Helmholtz, when two 
strong vibrations are simultaneously impressed upon the tym- 
panum, the motion which it communicates to the inner ear con- 
sists not simply of these, but includes also a vibration whose 
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frequency is their difference and another whose frequency is their 
sum. dhese are called the dijjerential and summational tones. 
The latter were first observed by Helmholtz after he had shown 
theoretical reasons why they should exist. They are not so 
easily observed as the dilferential tones, and some observers have 
disputed their existence. 

373. Helmholtz Theory of Dissonance and Consonance. 

Helmholtz showed that dissonance was explained hy heats taking 
place between cithcT the tones themselves or their upper harmonics 
or the dilJerential tones that they gave rise to, and that a clearly 
marked consonance occurs when the ratio of two tones is such that 
there are no heats, hut when a slight change in the ratio gives rise to 
disagreeable heating . 

hor example, the most perfect consonance is unison, for then 
the fundamental tones and upper harmonics all agree and there 
is no beating, but a slight mistuning causes beating not only 
between the fundamental tones, but between each pair of har- 
monics. Suppose, for example, one tone and its harmonics have 
the vibration frequencies shown in the series 

100 200 300 400 500 

If the other tone, instead of making exactly 100 vibrations, 
makes lOO, then, it with its harmonics will form the series 

lOG 212 318 424 530 


and there will be 6 beats per second between the fundamental 
tones, 12 between the first harmonics, 18 between the second 
harmonics, etc. The ear, therefore, selects a unison as a well- 
marked consonance. So also with the octave: suppose two tones 
which with their harmonics are given by the two series 

, '100 200 300 400 500 600 

Octave ^ 


Here the fundamental of the tone making 200 vibrations per 
second is of exactly the same pitch as the first harmonic of the 
other tone, and there are no beats between any of the harmonics. 
But suppose the octave is mistuned, as, for example, below: 


Mis tuned octave 


'100 


200 

210 


300 400 

420 


500 


600 

630 
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Here there are 10 beats per second between the fundamental of 
one and the first harmonic of the other, 20 per second between 
the harmonics 400 and 420, etc., and the result is great dissonance. 

It is clear from the above that the richer tones are in har- 
monics, the more dissonant they will be when mistuned. It is 
thus much easier to judge whether an octave is tuned correctly 
in case of two reed pipes than with two wide stopped pipes al- 
most free from harmonics. 


PROBLEMS 

1. How long must a water wave be to travel with a velocity of 20 miles 
per hour? 

2 . What relation is there between the lengths of two water waves one 
of which has twice the velocity of the other? 

3 . Find the velocity of sound in dry air at 20° C. and pressure 73 cm. of 
mercury, when its velocity at 0° C. and 76 cm. pressure is 332 meters per sec. 

4 . What must be the amplitude of motion of the particles in a water 
wave, if the velocity of the particles at the wave crest is equal to the velocity 
of the wave? 

6. If the height of a water wave from crest to trough is 3 ft. and its 
length is 50 ft., find its velocity, its frequency or the number of waves tliat 
pass per sec., and the direction and amount of the velocity of the water 
particles on the crest of the wave. 

6. How many vibrations per second will be received from a bicycle 
whistle giving out 500 vibrations per sec. and approaching at the rate of 
10 miles per hour? 

7 . If an observer were to move with the velocity of sound toward a 
sounding body at rest, what pitch would be heard? What if the observer 
were at rest while the sounding body approached hijn with the velocity of 
sound? 

8. A tuning-fork having a frequency of vibration of lOOO per sec. is 
moved away from an observer and toward a flat wall with a velocity of 
5 meters per sec. Find how many beats per second will be heard by' the 
observer. 

9 . A cord 30 ft. long is stretched between two fixed supports with a 
force of 40 pounds^ weight. How many transverse vibrations i)er sec. will 
the cord make if it weighs f lb.? 

10. A very long cord weighing 5 gms. per meter and stretched with a 
weight of 5 kgs. has one end made to oscillate sidewise 4 times per sec. 
Find the length of the waves set up in the cord. 
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11. A brass wire and a steel wire of the same diameter are stretched by 
equal weights and their lengths adjusted to give the same pitch when 
vibrating transversely. When the steel wire is 1 meter long between sup- 
ports, how long will the brass wire be? 

12. How many vibrations per sec. will be given out by an open organ 
pipe 76 cm. long ? Give also the frequencies of its first three upper har- 
monics. Take temperature of air as 20° C. 

13. How long must a stopped organ pipe be in order to have the same 
frequency of vibration as the open pipe in problem 12; also what are the 
frequencies of its first three upper harmonics? 

14. What rise in temperature would raise the pitch of a flute pipe in an 
organ one semitone? Take original temperature as 0° C. and semitone 
ratio as 5-. 

16. In a Kundt’s tube filled with air the distance between the dust 
heaps is 17 cm., but when the tube is filled with carbon dioxide gas, the 
distance between nodes is 13.4 cm. Find the velocity of sound in the 
carbon dioxide if that in air is 340 meters per sec., both gases being at 15° C., 
and vibrations being produced by the same rod in both cases. 
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Thekmometry 

374. Temperature Sense. The idea of temperature is ob- 
tained directly from our sense of touch. We speak of bodies as 
hot or cold according to the way in which they affect our tem- 
perature sense; and though temperatures cannot be accurately 
compared in this way, we may yet roughly estimate whether 
one body is hotter than another or whether a body is growing 
warmer or colder. 

375. Transfer of Heat. When a hot body is brought into 
contact with a cold body the former is cooled while the latter 
is warmed. When a layer of copper is interposed between the 
hot and cold bodies the change goes on rapidly, but when a 
layer of felt is interposed the change is much slower. Hot 
water in a thermos bottle changes its temperature very slowly 
indeed, so that it is easy to imagine an ideal receptacle in which 
no change whatever in temperature could occur. 

These facts indicate that the temperature of a body chani'cs 
only when something passes into it from without or escapes from 
it to other bodies. This something is called heat. 

Heat is said to pass from the hot to the colder body rather 
than that cold passes from the cold to the hot body, because 
experiment shows that when a body cools it loses something, 
namely, energy or power to do work, and hence heat rather than 
cold is considered the entity. 

376. Other Effects of Heat. As bodies change in temperature 
other accompanying changes take place. As they grow hotter 
they increase in size, an enclosed mass of gas or vapor exerts a 
greater pressure, if heated enough a solid melts to a liquid, or a 
liquid is changed to vapor; also the elastic, electric, and magnetic 
properties of substances are seriously modified. 

377. Equal Temperatures. When two bodies are placed in 
contact and no change takes place in either one such as would 
indicate a transfer of heat, they are said to be at the same tem- 
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perature. When one grows hotter and the other colder, the 
latter is said to be at a higher temperature than the other. 

Tejnperatiire may he defined as that property of a body which 
determines the Jlow of heat. If there is no transfer of heat between 
two bodies when placed together, they are at the same tempera- 
ture. 

Thus temperature plays the same part in the flow of heat that 
pressure docs in the flow of fluids. 

378. Thermometers. To accurately compare temperatures 
instruments called thermometers are employed. Thermometers 
may be based on the expansive effect 
of heat, on the changes in pressure in 
a gas or vapor that are produced by 
change of temperature, on changes in 
the electrical properties of bodies, or, 
in short, on any easily measurable 
property of a substance, whinh de- 
pends on temperature. 

Ordinary thermometers depend on 
the expansion of a liquid, such as 
mercury, alcohol, or ether, contained 
in a bulb of glass having a long tube 
or stem in which the liquid rises or 
sinks as it expands or contracts. 

379. Fixed Points. In order that 
temperature observations by different 
observers may be comparable, all 
thermometric scales are based on two 
fixed temperatures. These are the tem- 
peratures at which ice melts and that at 
which water boils under standard atmos- 
pheric pressure. 

1 . The chief precaution to be taken 
in determining the freezing point is to see that the ice is free 
from salt. Ice from ponds frequently has traces of salts from 
the soil. Changes in barometric pressure do not affect the 
freezing point of water by as much as 0.001® C., and may, there- 
fore, be disregarded. 

2. The boiling point is determined by the use of some appa- 



Fig. 206. Boiling-point 
apparatus 
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ratuSj such as that shown in the figure, so that the whole ther- 
mometer up to the point at which the mercury stands in the 
stem is bathed in steam as it escapes from the boiling water. 
The escaping steam is made to pass down around the outside of 
the vessel so as to prevent the steam in contact with the ther- 
mometer from being cooled. 

Impurities in the water may cause it to boil at a temperature 
slightly above the point at which pure water boils, but the 
escaping steam will have the same temperature as that from pure 
water if the pressure is the same. It is for this reason that the 
thermometer bulb is kept in the steam and is not allowed to dip 
into the water itself. 

The boiling point is decidedly influenced by changes in atmos- 
pheric pressure. An increase of 27.0 mm. in the barometric height 
raises the boiling point by one whole degree Centigrade. 



Fig. 207. Thermometric scales 

380. Scales of Temperature. In order that a thermometer 
may be useful in determining intermediate tempcTaturcs it must 
be graduated or divided into intervals or degrees. 

Three scales are in general use: the Centigrade or Celsius 
scale, used extensively on the Continent and in most scientirK: 
investigations; the Fahrenheit scale, used chiefly in English- 
speaking countries; and that of Reaumur, used to some extent 
on the continent of Europe. 

In the Centigrade scale the freezing point is marked zero and 
the boiling point 100, the interval being divided into 100 degrees. 

In Fahrenheit's scale the freezing point is 32^ and the boiling 
point is 212°, so that there are 180 degrees between the two. 

In Reaumur’s scale the freezing point is 0° and the boiling 
point 80°. The relation of the three scales is shown in figure 207. 

Since 180 Fahrenheit degrees correspond to 100 Centigrade degrees, a 
Fahrenheit degree is I* of a Centigrade degree. To change Fahrenlieit 
temperatures to Centigrade we, therefore, subtract 32° and take | of the 
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remainder. On the other hand, to change Centigrade temperatures to the 
Fahrenheit scale add 32° to |* of the Centigrade temperature. 

Or since the ratio of the number of degrees between A and P (Fig. 207) 
to the whole number of degrees between A and^B is the same in each case, 
we have the equations 

C _ F - 32 _ P 
100 ~ 180 80 

by which relations temperatures on any one scale may be changed to either 
of the others. 

381. Graduation of the Scale. A thermometer is ordinarily 
graduated so that each degree corresponds to an equal apparent 
increase in the volume of the mercury. Thus if the thermometer 
tube is perfectly cylindrical the degree marks are equidistant, 
but if the tube is not uniform in diameter the degree marks 
should be so spaced that the volume between consecutive marks 
is the same everywhere throughout its length. The graduations 
will, therefore, be closer together where the tube is wider and 
farther apart in the narrower portions of the tube. The 50° 
mark should be so placed that it divides in half the volume 
between the 0° and 100° points. 

382. Arbitrary Feature of Thermometric Scales. But it is 
evident that even such a scale depends upon the properties of 
the expanding substance and if we were to take two thermome- 
ters, one containing alcohol and the other mercury, and were to 
graduate them in this manner, while they would agree at the 
fixed points they might not agree anywhere else. 

This arbitrary element enters into every scale of temperature. 
Suppose, for example, we were to define 50° as that temperature 
which results from mixing equal weights of water at 0° and 100°, 
respectively. It would be found that if mercury had been taken 
instead of water the resulting temperature would have been 
different. And even if we were to define 1° as the rise in tem- 
perature of a given mass of water due to the addition of yw 
the whole amount of heat required to raise it from 0° to 100°, 
the scale of temperature obtained would be different from that ob- 
tained by using in a similar way some other substance than water. 

383. Peculiarities and Defects of Thermometers. The rise of 
the mercury in a thermometer when it is heated is due to the 
difference between the expansion of the mercury and that of 
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the glass bulb; for if the mercury and glass expanded equally the 
mercury would not rise at all in the tube. Therefore, two mer- 
curial thermometers may not agree except at the fixed i)oiiits, 
unless they are made of the same kind of glass. 

The most serious defect in mercurial thermometers is the 
change in the zero point. When the bulb is cooled after ha;ving 



Fig. 208. Six’s 
maximum and mini- 
mum thermometer 


been heated it takes a long time to return to 
its original dimensiozns. "Thus if a therniometer 
is heated to 100° and then quickly cooled, the 
zero point will be found lower than Ix^fore it 
was heated; this is known as the de/wssion 
of the zero point. The bulb continues slowly 
to contract, but it may be weeks before the 
original zero point is reached. 

This depression of the zero point may 
amount to two- or three-tenths of a degree a.nd 
is a source of error that affects more or less 
all temperature observations with such in- 
struments, for the reading at a |)art icuhir tem- 
perature depends on whether or not the 
thermometer has recently been heated to a 
higher temperature. 

Researches carried on at Jena have result ( mI 
in the production of a special glass for llier- 
mometers, known as the Jena normal glass, 
which is almost free from tins deha'i and is, 
therefore, employed in making thcwmometcTs 
for exact work. 


384. Spirit Thermometers. Alcohol and ether thermonaderH can he 
used at temperatures so low that mercury would freeze, their exiuinHitms 
also are so much greater than mercury that so fme a lube is not recjiun‘d 
But these liquids wet the tube and if the upper part of the ntem is cooler 
than the surface of the liquid column the liquid will distil and vomkmm in 
the upper end of the tube. 


Alcohol expands 6 times as much as mercury and ether 8J lime.s as 
they are therefore suitable for sensitive thermometers, though on account 
of the pressure of the vapors of these liquids an alcohol thermometer should 
above 100° C. and an ether thermometer not above (Kf C, 

386- Maximum and Minimum Thermometer. For registering rnaxi- 
and minimum temperatures the form of instrument devised bv Six 
thig. 208 ) IS found convenient. In this instrument the bulb B and the 
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tube as far as the mercury column at C is filled with phenol or some liquid 
having a large expansion coefficient. The mercury column fills the lower 
part of the tube between C and D while the tube above D is also filled with 
phenol reaching up to the bulb A which is only partly filled. When the 
temperature rises The expansion of the liquid in the bulb B causes the 
mercury column to sink at C and rise at jD, pushing upward a little index of 
iron in the tube above D which in consequence of friction remains where it 
is pushed and marks the maximum temperature. On cooling the contrac- 
tion of the liquid in B causes the mercury to rise at C pushing upward a 
little index at that point which marks the minimum temperature. To set 
the instrument the indices are drawn down against the mercury column by 
means of a small magnet. 

386. The clinical thermometer used by physicians is a maximum ther- 
mometer having a short scale ranging from about 95^ to 108° F.; the tube 
is made very flat and narrow just above the bulb. The mercury will readily 
pass through the constriction in rising, but as it contracts capillary force 
causes the column to separate at that point, leaving the 
upper part of the mercury column to mark the maxi- 
mum point. To set the instrument the mercury is 
brought back to the bulb by a vigorous shake. 

387. Air Thermometer- ' Since mercury-in- 
glass thermometers can be used only between 
— 40® C. and 450® C., and their readings are 
so much influenced by the peculiarities of the 
kinds of glass of which they are made, they are 
not suited to be used as independent standards. 

For standard purposes air or hydrogen or nitro- 
gen may be used as the thermometric substance, 
because with a porcelain bulb such a thermom- 
eter can be used from — 200® C. up to 1500® 

and the expansion of these gases is so great thermometer 
(more than twenty times that of mercury) 
that the expansion of the glass or porcelain bulb containing the 
gas is quite insignificant in comparison, and can be allowed for 
without sensible error. 

A crude form of air thermometer which is interesting because 
it was used in 1597 by Galileo, the inventor of the thermometer, 
is shown in figure 209. The bulb containing air terminates in a 
tube dipping into a vessel of colored liquid which rises or sinks 
in the tube, according as the enclosed air contracts or expands. 
The most evident defect of this arrangement is that the 
liquid column will rise and fall as the atmospheric pressure 
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changes, even though the temperature of the gas may remain 
constant. 

388. Standard Air Thermometer of Constant Volume. For 

the exact measurement of temperature by the air thermometer 
it is found most convenient to keep the volume of the air con- 
stant and use its pressure to measure temperature. A form of 
instrument devised by Jolly is much used. The bulb li contains 
the gas to be used, which may be hydrogen or nitrogc'u or air 
that has been dried and freed from carbon dioxide, d’he bull) 
is connected by a capillary tube with the wider tube at B, 

The vertical tubes B and DE are connected by a ilexible rub- 
ber tube, which is full of mercury, the mercury column extending 
up into the glass tubes at B and E. The tube DE is a-ttached 
to a slide and can be raised or lowered along 
a fixed scale and clamped at any j)oint. 

In using the instrument the air in the bulb 
is first cooled to 0^ in melting ice and the tu!)e 
DE adjusted in height until the mercury at B 
comes exactly to a fixed mark at the end of 
the capillary tube. The pressure of the en- 
closed air is then obtained by subtracting the 
height of the mercury column BE' from tlic 
barometric height which gives the pressure of 
the external air on E, In a similar way the 
pressure of the enclosed air may be measured 
when the bulb is heated to 100'' in steam. In 
this case also the mercury level at B must l)e 
adjusted to the same point as before, ke<‘|>ing 
the volume of the air constant exct^pl for 
small changes in the size of the bull) itself. 
The pressures of the enclosed gas in these two cases may l)c 
represented by pQ and pi, respectively. 

If it is now desired to determine the temperature of a l)at h in 
which the bulb is immersed it is only necessary to measure thcj 
pressure p exerted by the gas just as in the other cases. If this 
pressure is found to be half-way between />,) and pi the tern- 
perature of the bath is 50''. Or, in general, if t is the temperature 
to be determined corresponding to the pressure p 

t : 100 :: p — po : pi — pQ, 



Fig. 210. Jolly’s 
air thermometer 



THERMOMETRY 


261 


In the most refined work we must make corrections for the expansion of 
the glass bulb itself due both to changes in temperature and pressure, and 
also take account of the fact that the gas just above B is not at the same 
temperature as the bulb A. 

Such a process would evidently be too cumbrous to employ except for 
the purpose of standardizing some more convenient working form of in- 
strument, such as the mercurial thermometer or the electrical resistance 
thermometer. 

389. Electrical Methods. Some very important methods of measuring 
temperatures are based on electrical phenomena and will be more par- 
ticularly described in that connection. 

The thermoelectric method determines temperature by measuring the 
electromotive force set up when the junction of two wires made of different 
metals is heated. For low temperatures a copper-iron junction may be 
used, while for high temperatures the junction of a pure platinum wire with 
one of the platinum-rhodium alloy is used. 

The resistance method depends on the increase in the electrical resistance 
of a coil of pure i)latinum wire with rise in temperature (§ 663). 

A resistance thermometer consists of a coil of platinum wire mounted 
in a glass or porcelain tube to protect it from injury and contamination, 
and provided with connections by which its electrical resistance may be 
tested. I^y means of suitable accessory apparatus the temperature of the 
coil may be read directly without calculations. On account of the range of 
teini>eraturcs that can be measured in this way (from —270® to 1500° C.), 
and the accuracy and ease with which the determinations may be made, 
this is one of the most valuable of all methods of temperature measurement. 

390. High Temperatures. For measuring high temperatures the gas 
thermometer, or electrical methods, or radiation pyrometers may be used. 

I'he hydrogen gas thermometer having a porcelain bulb may be used up 
to 1500° C. (§ 388). 

The platinum-rhodium thermo-couple and the electrical resistance ther- 
mometer may be used up to 1500° C. if protected by porcelain tubes. 

For the highest temperatures radiation pyrometers are used. These are 
of two types. One depends on the heating power of the radiation from a 
mass of molten metal or from the interior of a furnace, and is so devised 
that it may be used at quite a distance from the hot body if the radiating 
surface is large. 

The other type depends on a measurement of the intensity of the light 
from the glowing hot body or interior of a furnace. 


PROBLEMS 

1. Find the Fahrenheit temperatures corresponding to 80°, 20°, —10°, 
and -50° C. 

2. Find the Centigrade temperatures corresponding to 1000°, 98.6°, 0°, 
and -50° F. 
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3. What temperature reads the same on both Fahrenheit and Centigrade 
scales, and at what temperature is the Fahrenheit scale-reading twice that 
on the Centigrade scale? 

4. A temperature interval of 35° on the Centigrade scale is an interval of 
how many degrees Fahrenheit? 

6. The absolute zero of temperature is —273° on the Centigrade scale; 
what is it on the Fahrenheit scale? 

6. Calculate the Fahrenheit temperatures of the melting points of iron, 
copper, lead, and mercury. (See p. 298, in §434.) 

Expansion op Solids 

391. Expansion of Solids. Almost all solids expand when 
heated. Isotropic bodies, such as glass and all liquids, expand 
equally in every direction. Crystals in general expand differ- 
ently in different directions, and may even contract along one 
direction and expand in another, but in most cases the expansion 
more than makes up for the contraction so that there is on the 
whole an increase in volume with rising temperature. 

392. Coefficient of Linear Expansion. The fractional part 
of its length that a rod elongates when raised one degree in tempera-’ 
ture is called its coefficient of linear expansion. Let the length of a 
bar at 0° be 4, and let a be its coefficient of linear expansion, then 
its increase in length for a rise in temperature of 1*^ will be ka, and 
for t degrees its increase in length is Uat^ so that its total length I 
at the higher temperature is : 

/ == /o "f" l^at or I == ^ 0(1 ~f" atf 

In this formula I may be taken as the length of the bar at a 
temperature t degrees higher than that at which its length is /(,, 
even though the latter may not be its length at if C. 

It must not be supposed that the coefficient of expansion of a 
substance is the same at all temperatures, for in general it in- 
creases as the temperature rises. In the above formula a repre- 
sents the average value of the coefficient throughout the rise in 
temperature represented by t. 

3*93. Coefficient of Volume Expansion. If a cube of substance 
is taken measuring 1 cm. each way at O'", and having a coefficient 
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of linear expansion a, then its linear dimensions at f will be 
1 + ^3^/ and its volume will be 

(1 + aty == 1 + + ZaH^ + aH\ 

but the coefficient a is so small that the terms involving and 
may be neglected and the volume may be expressed as 

1 -j- 

Za, therefore, represents the increase in volume of a unit cube for 
one degree rise in temperature and may be called the coefficient 
of cubical or volume expansion; hence the coefficient of cubical 
expansion is three times the coefficient of linear expansion in an 
isotropic body. 

394. Measurement of Coefficients of Expansion. When 
the substance whose coefficient of expansion is to be obtained 



has the form of a long rod, its expansion may be measured by a 
comparator such as that shown in the figure. 

Two microscopes are set on two marks on the bar, one near 
each end. The microscopes are firmly clamped to a solid base 
which is kept free from temperature change. The bar to be 
examined is enclosed in a box provided with glass windows 
through which the microscopes are set on the marks. The 
bar is first packed in melting ice and the micrometers attached 
to the microscopes are set on the two marks. Then water at a 
higher temperature is caused to circulate through the box, 
maintaining a constant higher temperature, and the microme- 
ters are again set on the two marks. The difference between the 
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micrometer readings gives the elongation of the bar and accurate 
thermometers give the change in temperature. The whole length 
of the bar between the marks is then carefully determined. 

If this length is I and the elongation is e when the temperature 
is raised from ^ to the coefficient of expansion a is found from 
the relation e = la{t' — or 

^ ^ lit' - 1) ■ 

This is the average value of the coefficient between the tempera- 
tures t and . 

395. Expansion of Crystals. Crystals that do not belong to 
the regular system expand differently in different directions. A 
sphere cut out of such a crystal will become an ellipsoid when 
its temperature is raised. In some cases two of the axes of the 
ellipsoid would be found of the same length and in some cases all 
three would be different. The directions in the crystal corre- 
sponding to the axes of the ellipsoid are called the axes of thermal 
expansion. In quartz the expansion at right angles to the 
axis of the crystal is nearly twice the expansion in the direction 
of the axis. 

TABLE OF COEFFICIENTS OF LINEAR r:xrANSK)N, PER 
DEGREE CENTIGRADE 


Invar 

. .00000096 

Brass 

. ,0000180 

Glass 

089 

Silver 

194 

Platinum. . . 

089 

Aluminum . . . 

222 

Steel 

no 

Lead 

280 

Iron 

117 

Zinc 

298 

Copper 

167 

Ebonite 

770 


These values are approximate. The exact value for any substance de- 
pends on the state of hardness, purity, and temperature of the specimen. 


396. Some Illustrations. An iron tire when heated expands 
so that it can easily be slipped over the wooden rim of the wheel, 
which it binds firmly on cooling. So the breeches of cannon are 
strengthened by having a series of tubes shrunk over the inner 
core, in this way producing an outside compression of the core 
which enables it to withstand the enormous pressure of the 
powder gas. 
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Allowance has to be made for expansion in case of bridges. 
In a steel bridge 1000 ft. long the change in length between ex- 
tremes of summer and winter may amount to 8 in. 

The aggregate length of the rails in a mile of track may be 4 ft. 
longer when hottest than when coldest, so that an allowance of 
about 0.3 of an inch is needed for each 30-ft. rail. The grate 
bars of furnaces rest loosely in their supports in order to allow ex- 
pansion, and long steam pipes are provided with sliding or ex- 
pansion joints unless the bends in the pipe are such as to yield 
elastically to elongation and contraction. 

Quartz crystals have very large expansion, and when unequally 
heated fly to pieces because of the great strains which result in 
that case. When quartz is fused, however, into a glass, its 
coefficient of expansion is extremely small, and vessels made of 
fused quartz may, when red hot, be suddenly quenched in water 
without breaking. 

A specially prepared nickel-steel, having 36.1 per cent of nickel 
and known as invar^ has a temperature coefficient of only 
0.0000009 or as large as platinum. It is of great value for 
measuring bars and tapes, and for pendulums. 


Whenever wires are to be hermetically sealed into glass, as in the case of 
the connections of an incandescent lamp filament, the wire must have a 
coefficient of expansion very nearly equal to that of glass. Wires of a metal 
having a greater coefficient of expansion would shrink away from the glass 
on cooling, leaving a crack through which air could pass. Platinum was 
at one time used for this purpose as this metal was the only one known with 
a coefficient of expansion equal to that of glass, but an alloy of iron and nickel 
called platinum substitute is now used in place of platinum. 

397. Compensated Clock Pendulums. The elongation of a clock pendu- 
lum with rising temperature causes it to swing more slowly and the clock 
loses time. Dry wood pendulum rods have very small expansion and so are 
sometimes used, but they are affected by moisture. For the most accurate 
clocks compensated pendulums are used. One of the best forms is Grahamls 
mercurial pendulum (Fig. 213), where a reservoir of glass or steel containing 
mercury is hung by a steel rod. If properly designed, the raising of the 
center of oscillation (§ 148) due to expansion of the mercury is balanced 
by the lowering due to the elongation of the steel suspending rod, so that 
the effective length remains constant. 

In Ffarrison’s gridiron pendulum (Fig. 212) the expansion of the steel 
bars FF will lower the bob, while the expansion of the brass rods CC will 
tend to raise it. If the upward elongations of C and C for a given change 
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in temperature are together equal to the combined downward elongations 
of FFF the bob will neither be raised nor lowered. 

398. Watch Compensation. The balance-wheel of a watch if uncom- 
pensated will run slower as the temperature rises, because the elasticity of 
the hair- spring is less at higher temperatures, and also the 
expansion of the wheel makes its moment of inertia greater. 

Compensation is secured by making the balance-wheel as 
shown in figure 214. The rim is made of brass on the outside 
and steel on the inside, and instead of being continuous it is 
cut in two segments which are connected rigidly by a cross- 




Fig. 213 


Fig. 212 



bar. When the temperature rises the brass outer side of the rim expands 
more than the steel inner side so that the free ends of the segments bend 
inward, thus carrying part of the mass in toward the axis and so tending 
to compensate the outward expansion of the cross-bar, and the diminished 
elasticity of the hair-spring. The adjustment is completed by means of 
little screws set in the rim of the wheel. Those near the free points tend to 
increase the compensation, while those near the fixed ends of the segments 
have the opposite effect. 

399. Force of Contraction. The force produced by the shrinking of a 
bar on cooling is the same as would be required to stretch it by the same 
amount at the same temperature. 


PROBLEMS 

1. What is the change in length of the steel cables of a susfjension bridge 
2000 ft. long between the extremes —20° F. and 97° I^.? 

2. A brass meter bar is correct at 16° C.; what wiU be its length at 
20° C.? 
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3. What is the coefficient of expansion of a 30-ft. steel rail on the Centi- 
grade scale and also on the Fahrenheit scale if it changes in length 0.234 in. 
when the temperature ranges from — 17° F. to 100° F.? 

4, At 20° C. a brass plug 5 cms. in diameter is y-J-q ^ millimeter too 
large to fit a hole in a steel plate. At what temperature will it just fit? 

6. A glass specific-gravity bottle has a capacity of exactly 300 c.c. at 
15° C.; what will be its capacity at 0° C.? 

6. A cylindrical zinc pendulum bob has a hole running lengthwise 
through it in the direction of its axis through which the steel pendulum rod 
passes, and rests on a cross-piece at the lower end of the rod. How long 
must the rod and the bob be that the center of gravity of the bob may re- 
main constant at 95 cms. below the point of support while the temperature 
changes? Take expansion coefficient of steel as 0.000010 and for zinc 
0.000029. 

Expansion of Liquids 

400. Expansion of Liquids. When a liquid contained in a 
bulb provided with a long neck is heated, it rises in the stem by 
an amount which depends on the difference be- 
tween the expansion of the liquid and that of the 
bulb. The rise indicates what is known as the 
apparent expansion. If a bulb containing liquid 
is suddenly plunged into a vessel of hot water 
the liquid in the stem may be observed to sink 
at first because the bulb expands before the liquid 
within is fully heated. 

To determine the expansion of a liquid take 
a bulb with a graduated stem like the tube of a 
thermometer and calibrate the stem, or determine 
the relation between the volume of the whole 
bulb and the volume of the divisions of the stem. 

This may be done by filling the bulb with mer- 
cury and weighing it, and then separately weigh- 
ing the amount of mercury required to fill a 
certain number of divisions of the stem; the rela- 

X' XV7« ,1 J ^ 

tive weights give the relation between the vol- graduated 

umes. The bulb is now filled with some liquid up stem 

to a certain mark on the stem and then packed in 

ice or cooled to some steady low temperature and the point to 

which the liquid contracts is observed. It is then warmed to 

some higher temperature and the point at which the liquid stands 
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is again observed. From the divisions of the stem between 
these two points the apparent increase in volume is determined, 
and if this is divided by the original volume and then by 
the rise in temperature, the apparent coefficient oj expansion is 
obtained. 

The expansion of a glass bulb of volume F, is Vat where a is 
the coefficient of volume expansion of glass and t is its rise in 
temperature, while the expansion of the contained liquid is Vbt 
where h is its coefficient of expansion. 

Since the rise of the liquid in the stem is due to the excess of its 
expansion over that of the bulb the apparent expansion is 

Vht — Vat = VtQ) — a). 

The apparent coefficient of expansion is therefore b — a, or the 
diffierence between the coefficients of expansion of the liquid and 
the bulb. 

Hence the coefficient of expansion of the bulb must be deter- 
mined before that of the contained liquid becomes known. This 

may be accomplished either by studying 
the expansion of a bar made of identi- 
cally the same glass or by ()])serving the 
apparent expansion in the bulb of some 
liquid whose coefficient of expansion is 
already known. 

401. Absolute Expansion of Mercury. 

The expansion of mercury has been 
studied with great care because it is the 
liquidbest adaptedfor use indel (rrmining 
the coefficients of expansion of bulbs to 
be used in the study of other liquids. Its 
coefficient of expansion was determined 
by Dulong and Petit by the following 
Fig. 216. Expansion of metlaodvilalclais independent of the ex pan- 
mercury containing the mercury. 

Two vertical tubes (Fig. 216 ) connected at the bottom by a 
very thin horizontal cross tube, contain mercury. One is 
packed in ice and the other is heated to some known tempera- 
ture t. Then by the laws of hydrostatics the less dense liquid 
will stand higher, and the height of the cold columii of mercury 




EXPANSION 269 

multiplied by its density is equal to the product of the height of 
the hot column by its density, or 


hd = hodo- 


( 1 ) 


But as a given mass of mercury expands in volume it diminishes 
m density, so that 


and since 


V V — 1 -f- dt i \ 
d = 1 + at :1 


or 

and by equation (1) 


<^o — d(\ “j“ a£) 


h 

h 


1 Hh Q'to 


( 3 ) 


So that by measuring the heights h and ho and determining the 
temperature t of the hot column the coefficient of volume ex- 
pansion a of the mercury becomes known. 

402. Expansion of Water. The expansion of water has been 
determined with great accuracy at the German National Labora- 
tory or Reichsanstalt by the method just described. 


The curve of expansion (Fig. 


1.004 


TH^ CURVE GIVES THE CHANGE IN 
LENGTH WITH TEMPERATURE OF A 



Fig. 217. Expansion of water 
from 0° -30*=’ 


217) shows that when water is 


A 



Fig. 218. Hope’s apparatus for 
determining the temperature of 
maximum density of water 


heated from 0°, it first contracts and then expands, reaching its 
maximum density at almost exactly 4° C. 



270 


HEAT 


This fact is of great importance in nature, for the cooling of a 
lake goes on rapidly at first, the cooled surface water settling to 
the bottom, thus aiding the cooling of the whole by convection 
currents. But when the water has reached 4° C. any further 
cooling must be accomplished by the slow process of conduction, 
for the colder water being less dense will remain at the top. So 
ice forms at the top and only gradually thickens downward, and 
if the lake or pond is not too shallow the bottom docs not fall 
below 4"^ C. for there is a small supply of heat flowing out from 
the earth which makes up for that lost by conduction toward 
the surface. 

Hope made use of the apparatus shown in figure 218 to deter- 
mine the temperature of maximum density of water. A vessel 
of water provided with thermometers at the top and bottom is 
cooled above by being surrounded by ice. The lower part of 
the vessel is carefully jacketed with cotton or felt to prevent 
the inflow of heat through the sides. The upper thermometer 
will at first stand higher than the other, but finally the lower will 
stand steadily at 4^^ C. while the upper will cool below that point. 

The temperature of maximum density of water is lowered when salt is 
dissolved in it. Sea water attains its maximum density only at 
which is below its normal freezing point. 


DENSITY AND VOLUME PER GRAM OF WATIiR 


Tempehatuke 

Density 

Volume per Gram 


0° c. 

0.999867 

1.000132 c.c. 

As found at the Rcichs- 

3.98 

1.000000 

1.000000 

anstalt by the inetluxl 

10.00 

0.999727 

1.000272 

of balancing colunms. 

16.00 

0.999126 

1.000874 


20.00 

0.998229 

1.001773 


25.00 

0. 997071 

1.002937 


30.00 

0.995673 

1 1.004345 


35.00 

0.994057 

I.OOS977 


40.00 

0.992241 

1.007819 


60.00 

0.9834 

1.0169 


80.00 

0.9719 

1.0289 

1 Approximate 

100.00 

0.9586 

1.0431 

I values. 
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COEFFICIENTS OF EXPANSION OF SOME LIQUIDS 



At 0® 

At 20® 

At 40° 

Average Be- 
tween" 0-40° 

Water 

-0.000067 

0.000206 

0.000388 

0.000192 

Mercury 

Alcohol 

0,000179 

0.000180 

0.000181 

0.000180 

0.00112 

0.00167 

Ether 

0.00151 

0.00165 

0.00189 


It will be observed that these coefficients are larger than those of solids, 
and that in general they increase with the temperature. 


Expansion of Gases 

403. Expansion of Gases. The expansion of gases with heat 
is much greater than that of solids or liquids and is remarkable 
for being nearly the same for all gases, 
compressibility of gases there are two 
distinct conditions under which their 
expansion by heat maybe determined. 

First, the pressure may be kept con- 
stant and the volume expansion of the 
gas measured as the temperature rises, 
or, second, the volume of the gas may 
be kept constant and the increase in 
pressure with rising temperature may 
be measured. 

If the gas perfectly obeyed Boyle's 
laiv its coefficient of expansion at con- 
stant pressure would be equal to that 
with constant volume. 

404. Expansion at Constant Pres- 
sure. Gay-Lussac was the first to 
carefully study the expansion of gases at constant pressure, but 
Regnault by the apparatus indicated in the diagram obtained 
far more accurate results. 

The bulb A is filled with the gas to be studied and cooled to 
zero by means of melting ice. By the stopcock E it is then shut 
off from the gas supply and connected with B which is com- 
pletely filled with mercury up to the opening of the small tube 


On account of the great 
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at the top, and if the gas in the bulb is at the same pressure as 
the outer air the mercury will stand in the open tube C at the 
same level as in -S. The bulb A is then heated to any desired 
temperature, say to 100°, and as the gas expands mercury is 
allowed to flow out of the stopcock at the bottom so that it is 
kept at the same level in B and C, thus maintaining the pressure 
constant. Part of the expanded air is in A at 100° and part in 
B at the temperature of the water bath which surrounds the 
tubes. The tube B is graduated, so that the exact volume of the 
expanded gas may be determined. 

405. Increase in Pressure at Constant Volume. Regnault 
also was the first to make accurate measurements of the increase 
in pressure of a gas when the volume is kept constant. The 
apparatus used is the same as that described above (Fig. 219) 
but when the bulb A is heated and the expanding gas begins to 
force down the mercury in B, more mercury is poured into C 
until the additional pressure again causes the mercury to exactly 
fill B. In this way the heated gas is kept confined in the bulb A , 
and its pressure is measured by the height of the mercury in C.’ 
above that in B together with the height of the barometer. In, 
this experiment the bulb is expanded slightly both by the rise 
in temperature and by the increased pressure in the interior, and 
on account of this change in volume a small correction must be 
applied. 

COEFFICIENTS OF EXPANSION OF GASES 


Gas 

InCRTCASK TN V 0 I.UME AT 

C( JNS'l'AN'r Vk KSS inUJ 

PICK ni;c;KKr. C. 

INORKASK in rRKHKURK AT 

C^>NKTANT Volume 

I>KR UKCJKICK C'. 

Air 

0.003671 

().(K)36t)8 

Oxygen. 


3674 

Nitrogen. . 

3671 

:i668 

Hydrogen 

3661 

3660 

Carbon monoxide 

3669 

3667 

Carbon dioxide 

3710 

3687 

Sulphurous acid 

3903 

3845 


One cubic foot of air at 0° would expand to 1.367 cu. ft. at 
100°, an increase of more than I of its volume at 0° C. 

From the above table it is clear that dijjerent gases have nearly 
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373 


273 


100 '' 


equal coefficients of expansion. This is known as the law of Charles 
or Gay-Lussac. 

The increase in volume of a gas per degree rise in temperature 
is about its volume at 0° C. 

406. Absolute Scale of the Air Thermometer. According to 
Charles^ law, gases, at constant pressure, expand nearly 0.00366, 
or ^ 2 ^-^ of their volume at zero for a rise in temperature of one 
degree Centigrade. Consider a cylinder filled with air or hy- 
drogen and closed by a piston which always exerts the same 
pressure on the enclosed gas. When the gas is at 0° suppose 
the piston stands at A, then when the gas is 
warmed to 100° it expands and the piston rises to 
B. If we divide the space from A to B into 100 
equal parts and continue the graduation down 
below A, marking off equal spaces for every 
degree, we shall find that there will be 273 degrees 
below the zero. If we now call the bottom of the. 
cylinder the zero point we shall have a scale of 
temperature in which 273° will be the freezing 
point of water and 373° will be the boiling point. 

This scale is called the absolute scale of the air 
thermometer, and its zero is called the absolute 
zero. It is only necessary to add 273° to any 
Centigrade temperature to obtain the correspond- 
ing temperature on the absolute scale. It will be 
seen from the way in which the scale is obtained 
above, that the volume of the gas in the cylinder 
is proportional to its temperature on the absolute 
scale, and since all gases have nearly the same 
coefficient of expansion, it may be stated as true in general, for 
all gases that are not too near their points of condensation, that 
the volume of a gas is very nearly proportional to its absolute tempera- 
ture when the pressure is kept constant. So also when the volume is 
kept constant the pressure of a gas is nearly proportional to the 
absolute temperature. At the absolute zero the pressure would be 
zero. There are good reasons for believing that the pressure of a 
gas is proportional to the energy of vibration of the molecules 
and therefore that at the absolute zero the molecules of gas 
have no energy of motion. Consequently this is the lowest 




0 ~ 


- 273 ° 


Fig. 220 
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possible temperature, for if a substance has no energy of motion 
to give up, it cannot give out any heat and be cooled further. 

Of course no gas would actually be reduced to zero volume, however 
much it might be cooled, though its pressure might be reduced to zero. It 
would condense into a liquid and cease to behave as a gas before reaching 
zero volume. 

An entirely independent and more conclusive line of reasoning 
has led to the establishment of Ike absolute thermo dyna?nic scale 
of temperature. (See Appendix I.) This is independent of the 
properties of any particular substance, and its zero is the lowest 
possible temperature. Experiment shows that the absolute scale 
based on the expansion of gases agrees almost exactly with the 
thermodynamic scale except at the very lowest temperatures. 
The zero of the gas scale is therefore properly called the absolute 
zero. 

By means of liquid air, temperatures as low as —200'^ C. may 
be obtained, and by the evaporation of liquid hydrogen —258° C. 
has been reached, only 15° above the absolute zero. By the 
evaporation of liquid helium at low pressure the remarkable 
temperature of only 0.8° above the absolute zero has been reached 
by the Dutch physicist, Onnes. At these low temperatures rubber 
and steel become as brittle as glass, lead becomes stiff and clastic, 
while the electrical resistances of metals are greatly reduced. 

407. General Gas Formula. As was shown in the last para- 
graph, the volume of a given mass of gas kept at constant pressure 
is proportional to its temperature on the absolute scale; that is, 

1. h 

T To 

where T == 273 + t and To = 273 + U, T and To being the abso- 
lute temperatures corresponding to t and to of the ordinary Centi- 
grade scale. 

By. taking account of Boyle’s law also, it may be shown that, 
in general, whatever changes may take place in the pressure volume 
and temperature of a given mass of gas, the initial pressure volume 
and temperature are connected with their final values by the relation 

PqVq _ ^ 

To 
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For, suppose a given mass of gas in a cylinder is in the state A 
having volume Vo, pressure po and temperature To, and is to be 
brought into a state C in which the volume, pressure and temper- 
ature are all changed. Let the gas first have its temperature 
raised to T, keeping the pressure constant at po, it will come to a 
volume 1)' such that , 

v Vq 

T~ To 


by Charles’ law. Now keep the temperature constant at T and 
change the pressure to p, the volume will change from v' to v, and 
by Boyle’s lawwe have = pov' or 




pa 

Substituting this value in the pre- 
vious equation, we obtain 


tl 

T 


PqVq 
To ' 


pv , 


The value of this quantity ^ is evi- 



Boy/es Law 
Charfes Law 


Fig. 221 


dently proportional to the mass 
of gas in the cylinder, for it is clear that the volume would be 
twice as great if the mass of gas were to be doubled, keeping 
the temperature and pressure constant. Therefore if we let 

T 

pv 


R when v is the volume of unit mass of the gas, we have 


= mR 


when V stands for a volume of the gas of mass m. The constant R 
depends on the kind of gas, since the volume of a unit mass of dif- 
ferent gases is not the same. The most convenient form of this 

formula for use is . a/ / 

= /? nr P'^ ^ P^ 
mT mT m'T 

or the product of thef^pressure by the volume, divided by the mass 
and by the absolute temperature, is constant for a given kind of gas, ■ 



HEAT 


276 

This formula is exact only to the degree that the gas obeys 
Boyle^s law. It is, however, a very close approximation to the 
truth for the more perfect gases when far from their points of 
condensation. 

A problem will illustrate the use of this formula. Suppose it is required 
to find the pressure that will be produced by 13 gms. of air in a vessel whose 
capacity is 1000 c.c. at 12° C. when it is known that 1 c.c. of air at 0° and 
76 cms. pressure weighs 0.001293 gm. Substituting in the above formula 
we have, 

X 1000 76 X 1 

13 X (273 + 12) ■ ^ 0.001293 X (273 + 0)' 

whence p =797 cms. of mercury. 

PROBLEMS 

1 . If a column of mercury at 100° C. and 90 cms. high balances the 
pressure of a column of mercury at 0° C. and 88.4 cms. high, find the density 
of mercury at 100°, that at 0° being 13.6. 

2. Find the average coefficient of expansion of mercury between 0° and 
100° from the data given in problem 1. 

3. A barometer at 20° has a height of exactly 76 cms.; at what height 
would it stand if the mercury were at 0° C.? 

4. A glass bulb has a capacity of 200 c.c. when placed in melting icc* 
How many grams of mercury will it contain at ,that temperature? Wliat 
does the volume of the bulb become if placed in steam at 100°? Calculate 
the density of mercury at 100° and find how many grams will now be 
contained in the bulb. What weight of mercury flows out in the tempera- 
ture change? 

6. A glass bulb at 0° contains 544 gms. of mercury; what weight of 
mercury will flow out when it is heated to 90° C.? 

6. How does the temperature of water affect the depth to which a 
hydrometer sinks in it? 

7. A weighted glass bxflb having a volume of 700 c.c. at 20° C, weighs 

1.01 gms. when completely immersed in water at that tem])erature. What 
will it weigh in water at 4° C., taking the density of water as given in the 
table on page 158, under § 235, and taking 0.000025 as the volume coefficient 
of expansion of glass? Ans. 0,05 gm. 

8. If 13 cu. ft. of air at pressure 76 and temperature 20° C. weighs 1 lb., 
find weight of 900 cu. ft. at 15° C. and pressure 55. 

9. A mass of air at 100° C. and pressure 76 has a volume of 5 cubic 
meters; what will be its volume at 15° C. and pressure 90 cms.? 

10. If a liter of air at 0° C. and pressure 76 weighs 1.293 gms., find ht>w 
Luch a cubic meter will weigh at 25° C. and pressure 72. 
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Calorimetry 


408, Basis of Heat Measurement. The quantitative meas- 
urement of heat rests on two assumptions. The first is that when 
bodies at different temperatures are put in contact the cooling 
of one and heating of the other are due to a transference of some- 
thing which we call heat from one to the other, and that what one 
receives is precisely equivalent to what the other loses. 

A second assumption is that heat is distributed uniformly 
throughout the mass of any homogeneous body all at the 
same temperature. That is, in a mass of water at one tempera- 
ture every cubic centimeter contains as much heat as any other. 
These assumptions are justified by experiment, for the results 
of measurements based on them are so strikingly consistent that 
it seems almost as though we were dealing with a subtile sub- 
stance. Indeed the chemists of 100 years ago were accustomed 
to think of heat as a substance and called it caloric. On account 
of this the process of measuring heat is called calorimetry. 

Unit of Heat. Various units of heat are in use, but the one 
generally used in physical measurements is the heat required to 
raise the temperature of a gram of water one degree Centigrade. 
This unit is known as the calorie, but to be precise the exact 
temperature's must be specified. No general agreement has been 
reached on this point, but there are advantages in adopting as 
the unit the heat required to raise the temperature of a gram of 
water from 15° to 16° C., because 15° C. is somewhat near the 
average temperature at which experimental work is carried on, 
and this unit of heat is about equal to the one-hundredth part of 
the heat required to raise a gram, of water from 0° C. to 100° C. 

The following table shows the relative values of the calorie at 
different temperatures, taking that at 15° as the unit. 


Temper ahire 
5 ® 

10 ° 

15 ° 

20 ° 

25 ° 

30 ° 


Value of Calorie 
1.0049 
1.0021 
1 . 0000 
0.9982 
0.9973 
0.9971 


In engineering practice the kilogram calorie or large calorie 
is used as a unit of heat on the continent of Europe, while in 
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English-speaking countries engineers usually employ the British 
thermal unit (written B. T. U.) which is the heat required to raise 
the temperature of a pound of water one degree Fahrenheit. 

409. Specific Heat. It was discovered by the Scotch chemist 
Black (1728-1799) that the heat given out by a gram of lead in 
cooling one degree was by no means equal to that given out by 
a gram of iron when cooled the same amount, and that in gen- 
eral substances differed from each other in this respect. 

The ratio of the heat given out by a mass of any substance 
in cooling one degree to the heat given out by an equal mass of 
water in cooling through the same range of temperature is known 
as the specific heat of the substance. 

It may also be defined thus. The specific heat of a s^ihstame 
is the number of calories required to raise the temperature of a 
gram of the substance one degree Centigrade. 

The following experiment illustrates how substances differ in 
their specific heats. 

A number of balls of different metals, iron, zinc, copper, lead, 
and tin, of the same mass, are heated in a bath to a temperature 
of about 150° C. and then placed on a thin cake of paraffin sup- 
ported above the table. The iron ball having the largest specific 
heat gives out the largest amount of heat in cooling and so melts 
the most paraffin. It therefore sinks deepest into the plate and 
perhaps drops clear through. The zinc and copper balls come 
next, while the lead having the smallest specific heat sinks in 
less than any of the others. 

The specific heats of some substances are given in the table 


TABLE OF SPECIFIC HEATS 


Water at 4° 

1.0049 

Copper 

0.0931 

Water at 15° 

1.0000 

Zinc 

0.0935 

Water at 30° 

0.9971 

Iron 

0.114 

Ice at 0° 

0.502 

Sulphur ! 

0.176 

Steam at 100° 

0.421 

Aluminum 

0.217 

Lead 

0.0310 

Lithium 

0.941 

Mercury 

0.0331 

Crown glass 

0 . 16 

Tin 

0.0562 

Flint glass 

0.117 

Silver 

0.0570 

Normal tlier. glass 

0.199 


It is remarkable that of all ordinary substances except hydrogen water 
has the greatest specific heat. The specific heat of a substance is in general 
greater at higher temperatures. 
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410. Calorimetry. The measurement of quantities of heat is 

called calorimetry. If the specific heat or gram calories of heat 
required to raise one gram of a substance one degree is repre- 
sented by Sj then the heat required to raise m grams of the sub- 
stance one degree will be ms. And if the temperature is raised 
from t to the rise in temperature is {t' — t) degrees, and the 
heat taken in by the substance is ms{t' — t). This expression 
gives also the gram calories of heat given out when the sub- 
stance cools through the same . 

range of temperature. | 

Since the specific heat of 
a substance changes slightly 
with the temperature, ^ repre- 
sents the average value of the 
specific heat between the tem- 
peratures t and f. 

The product ms is known as 
the heat capacity of the given 
mass of substance, it is the 
number of calories of heat re- 
quired to raise the whole mass 
one degree in temperature. 

Some methods of measur- 
ing quantities of heat are dis- 
cussed in the following para- 
graphs, while certain other 
methods based on* the melting 
of ice or the condensation of 
steam will be discussed later 
(§§ 437, 438, 453). 

411. Method of Mixtures. Suppose the specific heat of a mass 
of lead is to be measured by the method of mixtures. A weighed 
quantity of water is placed in a thin metallic cup or calorimeter D 
(Fig. 222) which is supported on little legs of cork or wood or 
some poor conductor of heat and is surrounded by an outside 
vessel to protect it from air currents and radiation from external 
objects. The mass of lead A having been heated to, say, 100'^ 
is suddenly plunged into the water and the water stirred till its 
temperature has risen as high as it will. 
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The heat given out by the lead in cooling from its initial tem- 
perature t' to the final temperature of the water t” , is ms(jf — t") 
where m is the mass of the lead and 5 is its specific heat. So 
also the heat taken in by the water as it warms from its original 
temperature t to t" is expressed by WS'{t" — t), where W is the 
weight of water and S' is its specific heat, which in ordinary 
work is taken as 1. 

But the heat given out by the lead must be equal to that re- 
ceived by the water, therefore 

ms{t' - t") = W{t" - t). 

In the above discussion the heat that went into the cup con- 
taining the water has been neglected. But clearly the cup must 
have experienced the same change in temperature as the water 
that it contains, and so must have received an amount of heat 
equal to m's'{t" — t),m' and s' representing its mass and specific 
heat. This heat also came from the lead and so must be added 
to the right-hand side of the above equation; the result is then 

Heat given out by Heat received Heat received T)y 

the lead in cooling by water calorimeter vessel 

ms{t' — t") = Wit" — t) 4- m's'it" — t) 

therefore 

(W + m's') if' - f) 

^ ~ mif- f') 

The quantity m's' represents the quantity of heat measured in 
gram calories required to raise the temperature of the calorimeter 
cup one degree. It is called the water equivalent of the calorim- 
eter because it represents the number of grams of water that 
would require as much heat to raise its temperature one degree 
as the calorimeter cup requires. It will be noticed that the 
water equivalent of the calorimeter is added directly to the mass 
of water which it contains. The water equivalent of the stirring 
rod and thermometer should be included also^ as they, too, are 
raised in temperature by heat coming from the lead. 

The form of heater shown in figure 222 was devised by Re- 
gnault. The substance to be heated is suspended in the central 
tube surrounded by the steam jacket. A thermometer with its 
bulb in a cavity in the middle of the substance serves to show 
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the steady temperature to which it finally comes. The calo- 
rimeter is slipped under the heater and the substance lowered into 
the calorimeter cup without exposure to cold air currents. 

If the substance to be tested is in small fragments they may 
be held in a basket of light wire gauze whose heat capacity has 
been previously determined. If the solid is soluble in water 
some other liquid in which it does not dissolve must be used in 
the calorimeter. The specific heat of liquids as well as solids 
may be found in this way, provided there is no chemical action 
between the liquid and the water in the calorimeter cup which 
would cause either a development or an absorption of heat. 

412. Compensation Calorimeters. In certain cases, especially 
where the calorimeter is of necessity large, it is important that 
the temperature of the instrument may be kept constant so that 
its heat capacity or water equivalent need not be known. 

In the Junkers calorimeter, for instance, used to measure the 
heat developed in the combustion of gas or oil, a stream of 
cold water flows through a long copper pipe which is coiled 
around the combustion chamber. When all comes to a steady 
state the heat removed by the stream of water per second must 
be just equal to the heat arising from the combustion in the same 
time. The temperature of the water is measured at the inlet 
and also at the outlet by delicate thermometers, and the gain 
in temperature multiplied by the number of grams of water 
flowing through per minute gives the heat carried away by the 
stream of water in that time. 

413. Electrical Calorimeters. The specific heats of liquids 
may be compared by heating first one and then the other in a 
calorimeter vessel by means of a current of electricity passing 
through a coil of wire immersed in the liquid. If the heat 
developed per second by the electric current is just the same in. 
one case as in the other, and if the masses of liquid used in 
the two cases are such that the temperature rises at exactly the 
same rate in both cases, then the heat capacities of the two liquid 
masses must be the same; that is, 

miSi = m2S2 

where mi and m 2 are the masses of the two liquids and ^1 and ^2 
are their respective specific heats. 
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414. Two Specific Heats of Gases. The specific heat of a gas 
may be measured while its pressure is kept constant, or it may 
be measured when the gas is enclosed in a bulb and kept at con- 
stant volume. Experiment shows that the specific heat at con- 
stant pressure is greater than the specific heat at constant volume, 
and when we come to discuss the relation of heat to work 
we shall find why this is so. (§ 424.) 

Regnault measured the specific heats of various gases at con- 
stant pressure by causing a stream of gas to flow first through a ^ 
long copper tube coiled in a vessel of hot oil, and then through a 
copper tube coiled in the calorimeter ves^sel and surrounded by 
water. The gas was heated by the oil bath and gave up its heat 
on passing through the calorimeter so that when the mass of gas 
which passed through the calorimeter was known its specific heat 
could be determined. 

Great difficulty was found in measuring the specific heat of a 
gas at constant volume, because its heat capacity is very much 
less than that of the vessel in which it is enclosed; but the deter- 
mination was successfully made by Joly using the steam calo- 
rimeter (§ 453). 

SPECIFIC HEATS OF GASES 


Gas 

Specific Heats 

Molecular 

Molecular 

Heat 

Heat per 
1000 C.C. 
VOL. KEPT 
Co MET ANT 

Constant 

Pressure 

Constant 

Volume 

Weight 

Air 

0.237 

0.169 



0.222 

Oxygen 

0.217 

0.155 

32 

4.96 

0.221 

Hydrogen 

3.409 

2.421 

2 

4. 84 

0.217 

Nitrogen 

0.244 

0.173 

28 

4.85 

0 . 222 

Carbon dioxide . 

0.217 

0.15a 

44 

6.96 

0.312 

Chlorine 

0.121 

0.096 

71 

G.81 

0.427 


The relative molecular weights of the gases are given in the 
fourth column. Evidently 32 grams of oxygen will contain the 
same number of molecules as 2 grams of hydrogen or 28 grams 
of nitrogen. The heat capacities of these weights of the various 
gases are shown in the next column, which indicates that the more 
perfect gases require nearly the same amount of heat per molecule 
to raise their temperatures one degree. 

In the last column is shown the heat required to raise equal 
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volumes of the different gases one degree in teraperature, a volume 
of 1000 c.c. at O'^ C. and at atmospheric pressure being taken in 
each case. Here again is to be noted the equality of the values for 
the more perfect gases, as would be expected from Avogadro’s law 
that equal volumes of gases at the same temperature and pressure 
contain equal numbers of molecules. 

416. Change of Specific Heats with Temperature. The specific heats 
of the more perfect gases are nearly constant. The specific heats of solids 
and liquids are in general greater at high temperatures than at low. In case 
of most metals the change is small, but carbon, boron, and silicon show 
marked increase. These substances have been studied by H. F. Weber, 
who finds for the diamond at —50° specific heat 0.0635, while at 985° it is 
0,4589, the value changing very rapidly at low temperatures and becoming 
almost constant about 800°. Also the various forms of carbon, graphite, 
and diamond differ greatly in their specific heats at low temperatures, but 
come to nearly the same, value as the temperature is raised. 

Nernst finds that the specific heats of substances at very low tempera- 
tures are approximately proportional to T®, where T is the absolute tempera- 
ture, but as the temperature rises they approach a maximum limit which 
nearly agrees with Dulong and Petit’s law. 

416. Dulong and Petit^s Law. Dulong and Petit in 1819 
showed that the product of the specific heats of elements in the 
solid state by their atomic weights was approximately constant. 
This constant is proportional to the heat required to raise one 
atom, one degree and is therefore known as the atomic heat. Cer- 
tain marked exceptions are boron, carbon, and silicon, but all of 
these substances have specific heats which vary greatly with the 
temperature, and are marked by particularly high melting points. 

The table on page 284 shows the atomic heats in case of some 
substances. 


PROBLEMS 

1. When 10 lbs. of water at 12° C. is mixed with 17 lbs. of water at 20° C. 
find the temperature of the mixture. 

2. If 10 lbs. of water at 12° C. is mixed with 18 lbs. of mercury at 20° C. 
what will be the temperature of the mixture? 

3. If 3 kgms. of copper at 100° C. placed in 3 kgms. of water at 10° C. 
raise the temperature of the water to 17.7° C., find the specific heat of the 
copper. 
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Substance 

Atomic Weight 

Specific Heat 

Atomic Heat 

Aluminum 

27.4 

0.2170 

5.94 

Bismuth 

210.0 

0.0308 

6.47 

Cobalt 

58.8 

0. 1067 

6.27 

Copper 

63.4 

0.0931 

5.90 

Iron 

66.0 

0.1138 

6.37 

Iodine 

127.0 

0.0541 

6.87 

Lithium 

7.0 

0 . 9408 

6.59 

Manganese 

55.0 

0.1217 

6. 69 

Lead 

207.0 

0.0310 

6.42 

Platinum 

197.4 

0.0325 

G.42 

Silver 

108.0 

0.0570 

6.10 

Sulphur 

32.0 

0. 1776 

5.68 

Tin 

118.0 

0.0548 

6.40 

Zinc 

65.2 

0.0936 

6. 10 

Boron (amorphous) 

10.9 

0.254 

2.77 

Carbon (graphite) 

12.0 

0.174 

2.09 

Carbon (diamond) 

12.0 

0. 147 

1 . 70 

Silicon (crystalline) 

28.0 

0.165 

4. 62 


4. A mass of 300 gms. of platinum heated to the temperature of a 
furnace is dropped into 1000 gms. of water and raises its temperature from 
15° C. to 25° C. Find the temperature of the furnace, taking the average 
specific heat of the platinum as 0.033. 

5 . A mass of 150 gms. of copper heated to 100° is dropped into 350 gms. 
of water at 12° contained in a thin copper vessel weighing 30 gms. Find 
the resulting temperature, taking the specific heat of copper as 0.094. 

6. How much heat is required to warm the air in a room 3 X 0 X 5 
meters in size, from 0° C. to 20° C., the pressure being constant? 

7 . A mass of 750 gms. of iron at 100° C. is dropped into a copper calo- 
rimeter containing 557.8 gms. of water at 15° C. and warms it up to 25° C. 
Find the specific heat of the iron if the copper vessel weighs 50 gms. 

8. When 150 gms. of copper at 80° C. and 200 gms. of iron at 100° C. 
are dropped into 400 gms. of water at 12° C, contained in a copper calo- 
rimeter weighing 50 gms. find the resulting temperature. 

9. How many calories in one British thermal unit (B. T, U.)? 


Sources and Mechanical Equivalent oe Heat 

417. Sources of Heat. There are three principal sources of 
heat — chemical action, electric currents, and mechanical work. 
When two substances combine chemically the process is usually 
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accompanied by a giving out of heat. When the action goes on 
slowly, as when iron oxidizes or rusts, there is but slight rise in 
temperature, though the actual heat developed is the same as 
when the same amount of iron is burned in oxygen. 

In ordinary combustion there is a rapid combination of the 
burning substance with the oxygen of the air. Heat must be 
supplied to start the process, but once started the heat of com- 
bination is sufficient to maintain it. Combustion may take place 
without the presence of air or oxygen. Copper and other metals 
will burn in chlorine gas. Gunpowder and other explosives con- 
tain within themselves all the elements which are to form the new 
combinations, so that when the spark or jar comes which pre- 
cipitates the change it goes on with a rapidity which is explosive. 

The development of heat by electric currents has become 
familiar to everyone in arc and incandescent lights and in the 
various industrial processes which use this source of heat. The 
laws which govern the heating effect of currents will come into 
our later study. But it should be noticed here that electric 
currents are always produced either by chemical action, by 
mechanical work, as in case of a dynamo driven by an engine, or 
by the direct action of some other source of heat, as in case of 
thermo-electric currents. So that in heating by electricity 
the ultimate source of the heat is the chemical action in the 
battery cells or the work done by the engine or water power driv- 
ing the dynamo. 

418, Heat of Combustion. The following table shows the 
heat developed in the combustion of a gram of various fuels. 

HEATS OF COMBUSTION IN CALORIES PER GRAM 

Hydrogen gas 34,500 Wood 4,000 

Anthracite 7,800 Charcoal 8,000 

Alcohol (absolute) 7,180 Gasoline 12,000 

419. Heat Produced by Work. Heat may also be developed 
in a variety of ways from mechanical work, either against friction 
or in distorting viscous or plastic bodies or in compressing gases. 

The savage obtains a fire by twirling, by means of a bow, a 
pointed stick pressed into a socket where it is surrounded by in- 
flammable material. Everyone is now familiar with the great 
heat developed by the brakes on car wheels or in imperfectly 
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lubricated bearings, a hot box ’’ on a railway car often causing 
a blaze. 

Those who held that heat was a substance — caloric — in order 
to explain the production of heat by friction, held that the fric- 
tional rubbing of substances caused some latent heat ’’ to be- 
come “ sensible.’^ 

But Sir Humphrey Davy in 1799 caused two pieces of ice to be 
rubbed together by clock work in a vacuum thereby melting some 
of the ice, which showed that the current explanation was unten- 
able since it was known that ice in melting takes in heat instead of 
giving it out. 

In 1798 Count Rumford, who was in charge of the Bavarian 
cannon shops, being struck by the great development of heat in 
turning and boring cannon, caused a blunt boring tool to be 
turned when pressing into a socket in a metal block immersed in 
water. In this way water was made to boil and it was shown that 
heat was developed so long as work was expended in driving the 
tool. This experiment showed that heat could not be a substance 
forced out of the metal by the action of the boring tool, and 
Count Rumford remarks, '' it appears to me extremely difficult. 


if not quite impossible, to form any distinct idea of anything 
capable of being excited and communicated in the manner the 

heat was excited and communi- 
cated in these experiments, ex- 

0 cept it he motion^ 

jj Q 420. Mechanical Equivalent 

r— j |-j— of Heat. The honor of estab- 

A lishing the equivalence of heat 

I wT~~\ r==%l L^ I w I and work on a solid basis of 

experiment must be given to 

ono T 1 j -u • 1 • English physicist, James 

Fig. 223. Joule s mecnamcal equiva- t- i •• . 

lent apparatus Prescott Joule, who, in a senes 

of careful experiments con- 
ducted between 1843 and 1850, measured by a variety of 
methods the amount of work required to heat a pound of water 
one degree Fahrenheit. In some of these experiments heat was 
developed by churning water, in others by churning mercury or 
by rubbing two plates of iron together, or by compressing air, 
or in rotating a bar of iron between the poles of a powerful 
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magnet, in wMch case the iron is heated by electric currents de- 
veloped within it. And all these diverse methods led to the same 
result, namely, that the energy required to heat one kilogram of water 
one degree Centigrade is equal to the work done in raising a weight 
of one kilogram to a height of 427 meters, or, in other units, 11?, foot- 



Fig. 224. Rowland's apparatus for measuring 
mechanical equivalent of heat 


pounds of work are required to raise the temperature of one pound of 
water one degree Fahrenheit. 

For the most exact determination of the relation between heat 
and work Joule adopted the following method. 

A closed calorimeter A, filled with water, was provided with a 
set of paddles attached to a central axle which could be rotated 
by means of the weights WW' which were suspended from cords 
wound around the axle D. Fixed vanes projected inward from 
the sides of the calorimeter vessel so that between the fixed and 
rotating paddles the water was violently stirred. 




288 


HEAT 


The temperature of the water having been taken, the weights 
were wound up to their full height and then allowed to drop to the 
floor, turning the paddles as they descended. This was repeated 
twenty times and the temperature of the calorimeter again read. 

The total work done was found by multiplying the amount of 
the weights by the distance through which they fell; but since the 
weights have some energy of motion when they reach the bottom 
this as well as the energy required to overcome the friction of the 
pulleys must be subtracted from the total work in order to obtain 
that spent in heat in the calorimeter. 

A modification of this method used by Rowland made it pos- 
sible to stir the water continuously, and at the same time measure 
the work. In this apparatus which is shown in figure 224, the 
calorimeter is suspended by a steel wire, while the shaft driving 
the paddles enters it from below. In making an experiment the 
paddles are driven at a uniform rate by an engine, and the tend- 
ency of the calorimeter to turn is exactly balanced by the 
weights WW, which are hung from cords attached to the rim of 
a wheel which is fastened to the calorimeter. 

The work done is 2TrnL^ where n is the number of revolutions 
of the paddles and L is the moment of the force exerted by the 
weights WW in balancing the calorimeter. The calorimeter was 
enclosed in an outer vessel to protect it from air currents and to 
enable the loss due to radiation to be accurately determined. 

The mechanical equivalent of heat as determined by such ex- 
periments is found to be as follows: 

1 gram calorie = 41,870,000 ergs or 4.187 X lO’' ergs. 

1 kilogram calorie == 427.3 kilogram-meters of work, taking 

g = 980. 

1 British thermal unit = 778 foot-pounds of work. 

421. Transformation of Heat into Work. The experiments 

of Joule showed that whenever mechanical work is apparently 
lost through friction, there is always a precisely equivalent 
amount of heat developed. It remained to show that whenever 
work is obtained from heat, as in any form of heat engine, a 
quantity of heat disappears which is equivalent to the work done 
by the engine. This was experimentally proved by the French 
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physicist and engineer, Him, who in an elaborate series of experi- 
ments showed that when an engine was doing work the total heat 
given out by it in the escaping steam, together with that lost by 
radiation and conduction, was less than that which it received 
from the boiler; and that for every 427 kilogram-meters of work 
done by the engine^ enough heat disappeared to raise the tempera- 
ture of a kilogram of water one degree Centigrade. 

We therefore conclude that heat is a form of energy and that 
when work is done against friction there is a transference of 
energy, but no loss of it, as truly as in all other cases of work. 

422. Heating of Gases by Compression. When a mass of gas 
contained in a cylinder is expanded by drawing out the piston the 
gas exerts a pressure against the piston as it moves outward and 
consequently does work. But in doing work it expends energy 
and consequently is cooled. On the other hand, if a mass of gas is 
compressed the work of compression is done upon the gas and its 
energy is correspondingly increased, and it is heated. 

The heating effect of compression may be readily shown by the 
experiment of the fire syringe. This instrument consists of a 
strong glass tube or syringe, 

closed at one end and pro- ^ j : t 

vided with a close-fitting pis- 

ton. If the tube is full of air 226. Fire syringe 

and the piston is suddenly 

thrust home, the heat developed will be sufficient to ignite a bit 
of tinder. Instead of tinder a pellet of cotton soaked in ether may 
be used, in which case the flash is readily seen as the piston is 
forced down. 

This experiment shows that the dynamical heating of a gas 
when compressed is very considerable. When air at 0° C. is com- 
pressed in a non-conducting cylinder, its rise in temperature is 
90° when compressed to half its original volume, 429° when com- 
pressed to one-tenth, and 1084° when compressed to one-fiftieth 
of its volume. 

In air compressors the heat developed in this way has to be 
removed by a stream of cold water. 

423. Cooling Due to Work of Expansion. A gas when it ex- 
pands is cooled because it does work; but is all of the cooling 
due to the external work done? 
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That is, if it were possible to pull out the piston of a cylinder 
containing gas so suddenly that the gas could not follow it and 
exert pressure against it as it moved back, would the gas be cooled 
or not? 

This question was asked by Joule, and answered by an in- 
genious experiment in which he connected a copper receiver con- 
taining air at a pressure of 22 atmospheres, with another from 
which the air had been exhausted. On opening the stopcock 
between the two vessels the air expanded and filled both, but of 
course it did no external work in expansion since there was no 
piston to push back. 

It was found after the expansion that the mass of gas as a 
whole had not changed in temperature, the gas rushing into the 
vacuum being heated just as much as the expanding gas in the 
other vessel was cooled. 

More exact determinations show, however, that most gases when ex- 
panded are slightly cooled even when no external work is done and it is 
this cooling of which advantage is taken in the process of making liquid 
air (§ 463), This is because of a small amount of energy required to ovei?- 
come a slight attraction which exists between the molecules at their dis- 
tances of separation in the gaseous state. 

424. Specific Heats of a Gas. We can now see why the 
specific heat of a gas at constant pressure must be greater than 
that at constant volume. For when a mass of gas is warmed 
while the pressure is kept constant, it expands, doing external 
work. The heat supplied must, therefore, furnish the energy for this 
work as well as that which simply increases the energy of motion 
of the gas molecules. But when a gas is kept at constant vol- 
ume there is no external work done and the heat supplied all 
goes to increase the molecular energy of the gas. According to 
Joule’s experiment (§ 423), the increase in molecular energy is 
just the same in one case as in the other, so that the difference 
between the heats required in the two cases is entirely due to the 
external ^work done, and is mechanically equivalent to that work. 

425. Convective Temperature of the Atmosphere. The 
change of temperature caused by the compression or expansion of 
air plays a most important part in the atmosphere. Masses of 
air moving upward expand and cool, while descending air masses 
are heated by compression. This in part serves to determine the 
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distribution of temperature in the atmosphere, the temperature 
at any height tending to be equal to that which a mass of air 
rising to that point from the surface of the earth acquires in 
consequence of its expansion. 

The presence of water vapor modifies what may be called the 
convective temperature at a given height, for the latent heat 
given out as the moisture in a rising mass of air condenses re- 
tards the cooling. A mass of dry air at 20'" C. at the earth’s 
surface, will be cooled to —53° C. in rising 3j miles. 

When there is a downward current of air, as in case of the 
wind blowing over mountains and sweeping down into the valleys 
beyond, the compression of the air as it descends raises its tem- 
perature so that it becomes a warm wind, as in the so-called 
“foehn” wind of the Alps or the “dry chinook” of Montana. 

426. The Nature of Heat Energy. When a body is heated 
it radiates heat to surrounding bodies. The rate at which a 
given body gives off radiation depends on its temperature. As 
it grows hotter the radiation may become so intense that the 
body glows or is incandescent. Later it will be shown that this 
radiation is made up of waves in which the vibrations are almost 
inconceivably rapid. These waves originate in the hot body 
and take energy from it so that it cools as it radiates. It is be- 
lieved that these waves are a consequence of rapid vibratory 
motions in the molecules of the body, and that the heat energy 
of a body exists, in part at least, in the form of energy of motion 
of the molecules. 

Radiation comes from all bodies even those that we ordinarily 
speak of as cold. The molecules of all bodies are therefore con- 
sidered to be in rapid vibration, though we are ignorant of the 
exact nature of this vibration. 

But heat energy exists in bodies in another form than energy 
of vibratory motion, for bodies usually expand when heated, 
and consequently the particles or molecules are slightly moved 
apart. And since in case of solids and liquids there is a strong 
attraction between the particles, work must be done in sepa- 
rating them, and the energy which, does this work comes from 
the vibratory energy of the molecules, which is thus transformed 
and stored up in the body as potential energy. 

Another instance of such a transformation is in case of change 
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of state, as when ice is melted. Here also particles which are held 
firmly in a comparatively fixed position in the solid state are 
dragged away from each other and set free to slip past each other 
in the liquid state. To effect this change work must be done, 
and consequently in this case also a certain amount of vibratory 
heat energy must be changed into energy of separation or po- 
tential energy. 

Experiment is in complete agreement with this conclusion and 
shows that a considerable amount of heat energy must be given 
to a body to change it from the solid to the liquid form. 

Therefore, heat energy is thought of as existing in the body 
both in the form of kinetic energy or energy of motion of mole- 
cules, and as potential energy due to the separation of molecules 
in opposition to their mutual attractions. 

427. Temperature Depends On the Kinetic Energy of the 
Molecules. When two bodies at different temperatures are put 
in contact there is a transfer of molecular energy from one to the 
other until equilibrium is established. When there is no longer 
any change taking place, it is said that both are at the same 
temperature. This transfer of energy is doubtless due chiefly 
to the energy of motion of the molecules, as it is difficult to see 
how the potential energy of the molecules of one body could 
affect appreciably the condition of a neighboring body. When 
ice and water are mixed together until both come to the same 
temperature, all flow of heat from one to the other entirely ceases 
and yet a gram of ice has very much less potential energy than 
a gram of water at the same temperature. It appears, therefore, 
that temperature is chiefly, if not entirely, determined by the 
energy of motion, rather than the potential energy, of the 
molecules. 

PROBLEMS 

1. The cylinder of an air compressor is cooled by a stream of water in 
which the flow is 1 gallon per minute. If 10 H.P. is expended in com- 
pression, find how many degrees the water is raised in temperature. 1 gal- 
lon ~ 3785 c.c. 1 H.P. »= 746 X 10’’ ergs per sec. 

2. How much is the water of Niagara raised in temperature by the fall 
of 160 ft.? 

3 . What would have to be the velocity of a lead bullet that it may be 
melted on striking the target, supposing all its energy to be transformed 
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into heat within the bullet? Assume the temperature of the bullet to be 
the melting point of lead. It takes 5.86 calories to melt 1 gm. of lead. 

4. What is the heat of combustion of anthracite coal in British thermal 
units per pound? 

6. How much more heat is required to raise the temperature of a kilogram 
of air from 0° C. to 30° C. constant pressure, than if the volume were kept 
constant, and why is more required? 

6. How many British thermal units of heat are developed by the brakes 
when a 100-ton train having a velocity of 20 miles per hour is brought to 
rest? 

7. One liter of air at 0° C. is warmed to 10° C. at constant pressure. 
Compute the amount of heat required, and the external work done by its 
expansion, taking the pressure as 76 cms. 

Also compute the heat that would have been required if its volume had 
been kept constant. 

From these two results deduce the mechanical equivalent of heat (see 
§ 424). 


Transmission of Heat 

428. Dijfferent Modes. Three inodes of transferring heat 
energy from one place to another are recognized, conduction, con- 
nection, and radiation. 

When heat energy gradually dijfuses through a mass of matter, 
passing from particle to particle from the warmer toward the 
colder parts of a body, the process is called conduction. In this 
case energy of motion is conceived as communicated from mole- 
cule to molecule progressively throughout the mass. 

When heat is carried along by the motion of a stream of gas 
or liquid, the process is called convection. 

In the above two cases the transference takes place in and 
through matter, but a hot body surrounded by a perfect vacuum 
may give out energy and warm neighboring objects. In this 
case the energy is transmitted by waves in the ether and the process is 
called radiation. The term radiation is also applied to the ether 
waves themselves coming from the hot body. 

When one end of a bar of iron is heated the other end becomes 
hot by conduction; the circulation in a vessel of water which is 
being heated carries heat from one part to another by convec- 
tion; while the warmth received from hot coals in an open fire- 
place comes to us largely as radiation. 
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Conduction and convection are relatively slow processes while 
radiation is transmitted with the speed of light. 

In transparent bodies, such as glass or water, heat is com- 
municated from one part of the substance to another by con- 
duction and radiation combined, for energy is radiated through 
the body directly from one part to another at the same time 
that it is being communicated from molecule to molecule by 
conduction. 

While radiation originates in hot bodies and heats any body 
which absorbs it, radiation itself cannot he regarded as heat; 
for unless it is absorbed it does not affect the temperature of the 
bodies through which it passes. We shall study the nature of 
radiation in connection with light; while radiation considered as 
an ejfect of heat will be discussed in §§ 473-485. 

429. Conduction. In general solids conduct heat better than 
liquids, and liquids than gases. Silver and copper are the best 




conductors of heat, having about 7 times the conducting power 
of iron, while iron conducts 100 times as well as water, and water 
has 25 times the conductivity of air. 

Among solids the metals are the best conductors, and it is re- 
markable that, generally speaking, the best conductors of heat are 
also the best conductors of electricity. 

In crystals heat may be conducted more rapidly in one direc- 
tion than another. If a thin plate of quartz is coated with wax 
or paraffin and if a wire kept hot by an electric current is passed 
through a hole in the center of the plate, the wax will melt out- 
ward in elliptical form if the plate is cut parallel to the axis of 
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the crystal, showing that heat is conducted more rapidly in the 
direction of the axis than at right angles to it. 

430. Conductivity. If a slab of substance of uniform thicks 
ness d and faces of area A has one surface at temperature h, and 
the other at if 2 , the heat H which is transmitted per second will 
be proportional to the area of the faces A and to the difference 
in temperature of the surfaces ti — jf 2 , while it will be inversely 
proportional to d, the thickness of the plate. Thus, 

kA (ti — ^ 2 ) 
d 

where k is a constant which depends on the substance of which 
the slab is made, and is known as its coefficient of conductivity 
or simply its conductivity. When A is one square centimeter 
and d is one centimeter, and h — h is one degree, then H = k; 
that is, the conductivity or conducting power of a substance is 
measured by the number of gram calories of heat which are trans- 
mitted in one second through a plate one centimeter thick and having 
surfaces one square centimeter in area when the opposite faces 
differ in temperature by one degree Centigrade. 

The drop in temperature per centimeter between one side of 
the plate and the other is called the temperature gradient and is 
expressed in the above formula by 

h h 
d 

431. Measurement of Conductivity. The conductivity of a 
metal which is a good conductor may be measured by the follow- 
ing method due to Searle. A short bar, say 1 in. in diameter 
and 6 in. long, is heated at one end by steam while the other 
end is kept cool by a stream of water which flows through a pipe 
closely wound around the bar in a helix as shown in the figure. 

The whole is thoroughly packed in hair felt, which is a very 
poor conductor, so that heat cannot escape from the sides of the 
bar but must flow from the hot toward the cold end, where it is 
removed by the stream of water. When a steady condition of 
flow is reached, the heat passing along the bar in any time will 
be equal to that removed in the same time by the stream of water. 
Thermometers are mounted at the ends of the helical tube, by 
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which the temperature of the water may be observed as it flows 
in and flows out, and the gain in temperature of the water as it 
flows through the helix multiplied by the total weight of water 
that passes through in, say, 10 minutes, gives the gram calories 
of heat transmitted along the bar in that time. The tempera- 
tures at two points on the bar, such as h and hj are measured by 



Fig. 228 

thermal junctions or thermometers, the distance d between those 
points is measured and also the area of cross section A of the 
bar. All the elements are then known for computing the con- 
ductivity from the formula of the preceding article. 

In case of poor conductors the flow of heat through a thin slab 
may be measured by such a method as that of Lees. A very 
broad and thin disc-shaped box of copper, heated by means of a 
current of electricity which passes through a resistance coil con- 
tained in the box, is placed between two thin plates of the sub- 
stance of which the conductivity is to be determined, say these 
are plates of glass. Outside of the glass plates are placed solid 

copper discs, so that each 
plate of glass comes be- 
tween the central heat- 
ing box and an outer 
disc, as shown in section 
in figure 229. The tem- 
peratures of the outer discs and also of the inner box are de- 
termined by thermometers or thermal junctions (§ 682), and 
since copper is so good a conductor compared with glass the sur- 
faces of the glass plates may be supposed to be at the same tem- 
peratures as the copper plates with which they are in contact. A 



Glass 


Fig. 229 



CONDUCTION 


297 


band of thick felt encircles the edge of the discs to prevent loss 
in that way and the heating is maintained constant until a steady 
state is reached where there is no longer any change in the tem- 
peratures and the heat flows out through the glass plates as fast 
as it is generated. 

Then the heat developed per second is easily determined by 
electrical measurements and knowing the temperatures of the 
surfaces of the glass plates and their areas and thickness the con- 
ductivity of glass may be calculated. 

432. Conductivity of Liquids. The conductivity of liquids 
is small, that of mercury being only one-tenth that of iron, and 
the determination of their conductivities is complicated by con- 
vection currents. They may be determined by the method de- 
scribed in the last article. A thin layer of liquid rests on a 
copper disc and has the copper heating box in contact with its 
upper surface. By this arrangement convection currents are not 
established, and if suitable precautions are taken to prevent loss 
of heat upward from the heating box, the conductivity of the 
liquid may be measured. 

433. Conductivity of Gases. The conductivity of a gas is 
measured by the rate of cooling of a heated bulb enclosed in a 
spherical vessel of the gas to be studied, the outer surface of the 
large vessel being kept cool in a water-bath. The determination 
is complicated both by convection and radiation. 

But the kinetic theory shows that the conductivity of a gas 
should be the same at low pressures as at high, provided the rare- 
faction is not so great as to make the mean free path of the mole- 
cules appreciably large compared with the size of the vessel. 

By diminishing the pressure of the enclosed gas the effect of 
convection is diminished, while the true conductivity is not 
affected. In this way the two may be separated. To determine 
the effect of radiation the gas is exhausted as far as possible, so 
as to do away with both convection and conduction. 

TABLE OF CONDUCTIVITIES 
Heat Conductivities in C. G. S. Centigrade Units 


Silver 

.. 1.096 

Paraffin. . . 

. 0.0002 

Air 

0.000056 

Copper. . - 

.. 1.000 

Hair felt . . 

. 0.00009 

Hydrogen 

0.000327 

Iron 

.. 0.167 

Cork 

. 0.0007 

Carbon dioxide 

0.000030 

Zinc 

.. 0.265 

Water 

. 0.0014 



Glass 

. . 0.0020 

Mercury. . . 

. 0.0152 
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PROBLEMS 

1 . A glass window pane 170 cms. long and 90 cms. wide is 3 mm. thick. 
How much coal must be burned per hour to compensate for the loss of heat 
by conduction when the outer surface is at —5° C. and the inner surface 
at 20"^ C.? 

2. In the preceding problem if the temperatures given are those of the 
outer air and within the room, respectively, will the flow of heat be as great 
as found above? Explain answer. 

3. A partition of iron 2 cms. thick and 10 cms. high and 15 cms. wide 
divides a vessel into two compartments, one of which contains ice, while 
steam at 100° is passed into the other. Find how much ice is melted in 5 
minutes, when 80 calories are required to melt 1 gram of ice. 

4. An iron boiler has 1 square meter of heating surface. How much 
water will be evaporated in 1 hour when the outer surface is kept at 150° C., 
while water is boiling at 100° C., if the iron is 0.7 cm. in thickness, and if 
536 calories are required to evaporate 1 gram of water? 


Change of State 
Fusion 

434. Changes of State. Among the most interesting and 
important effects of heat are the changes of state which it pro- 
duces in matter. Solids if sufficiently heated are changed to 
liquids, or may pass directly into the gaseous state, and liquids 
are transformed into vapors or gases. Even with the tempera- 
tures that can be artificially produced almost all known sub- 
stances can be made to assume any one of these three conditions. 
Thus nitrogen may be liquefied and solidified, while, on the other 
hand, platinum may be liquefied and volatilized. 

There are three principal changes to be considered: that from 
the solid to the liquid state, that from liquid to gas or vapor, and 
that directly from solid to vapor or gas. 

Melting. When ice below zero is slowly heated it first warms 
to 0° and then melts, the temperature at the surface of the ice 
remaining constant at 0*^ until it is all melted. If heat is now 
slowly taken from the mass, solidification will take place at the 
same temperature and it will remain at 0"^ till all is frozen. That 
the temperature should remain constant while the substance is 
melting, although it is steadily receiving heat, is characteristic of 
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all cases where there is a well-marked melting point. Some sub- 
stances, such as selenium, pass from the solid to the liquid state 
through a soft pasty condition and without there being any point 
at which the temperature is stationary. Iron passes through such 
a pasty stage, on which account it is easily welded. So also glass, 
beeswax and parafi&n become very soft as the melting point is 
approached. There is, however, usually some temperature at 
which the pasty mass becomes fluid and a considerable absorption 
of heat takes place, and this is the melting point. 


Tungsten .... 3400° C. 

Platinum 1710° 

Iron 1503° 

Copper 1084° 


MELTING POINTS 


Silver 955° C. 

Aluminum .... 657° 

Zinc 419° 

Lead 327° 


Tin 232° C. 

Sulphur 114° 

Ice 0° 

Mercury. . . . —39° 


Change of Volume. Most substances occupy a larger volume 
in the liquid state than in the solid, and therefore contract when 
they solidify. Some, however, among which are water, bismuth, 
and cast iron, expand when they solidify. This property is of 
importance in making castings, as all parts of the mould are filled 
and its details are sharply reproduced in the casting. The 
volume of 1 gram of ice at 0° is 1.09082 c.c., while that of the 
same amount of water at 0° is 1.00012 c.c., so that the increase in 
volume of a cubic centimeter of water on freezing is 0.0907 c.c. 

In consequence of the expansion of water in freezing, ice floats 
in fresh water with about one-twelfth of its volume exposed. 
The practical importance of this property of water can hardly be 
overestimated. If it contracted in freezing, ice would sink to the 
bottom of a lake, and ultimately the whole mass of water would 
be frozen solid, to the destruction of all forms of life that it 
contained. 

436. Effect of Pressure on Melting. If a substance contracts 
when it melts, increase in pressure will aid melting; that is, the 
melting will take place at a slightly lower temperature under 
increased pressure. If, on the other hand, a substance expands 
when it melts, the effect of increased pressure will be to raise the 
melting point, as the pressure in a sense resists the melting. 

In case of water an increase of pressure amount to 1 atmosphere 
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will lower the freezing point 0.0075° C. hence an increase of pres- 
sure of 133 atmospheres, or about 1900 lbs. to the square inch, will 
be required to lower the freezing point one degree. 

In some experiments on the expansive force of water in freezing 
made by Major Williams at Quebec, iron bomb shells were filled 
with water and exposed to cold. In one case the plug was driven 
violently out and a short column of ice pro- 
truded from the opening. In another experi- 
ment the shell was burst and a sheet of ice 
was forced through the crack. In these cases 
probably the water was still unfrozen under 
the enormous pressure just before the shell 
burst, and froze instantly as the pressure 
was relieved by the bursting. 

If a weight of 40 or 50 lbs. is suspended 
by a wire loop hung over a block of ice at 
0° C., the wire will cut slowly through the ice, 
the pressure causing ice to melt under the 
wire; but the water flowing around the wire 
freezes again above it, leaving the block as 
solid as before. As this action goes on heat is taken up by the 
water in melting at the lower side of the wire and given out again 
in freezing on the upper side, so that there is a steady flow of heat 
across the wire as it cuts its way through the ice. And as the 
action cannot take place without this transfer of heat, a copper 
wire, being a good conductor of heat, will move faster than an 
iron wire, other things being the same. 

Regelation, or the clinging together of pieces of ice when 
pressed together, is doubtless due to melting at the points of con- 
tact where there is pressure, followed by instant freezing when the 
pressure is relieved. In this way may be explained the packing 
of a snow ball, so also Tyndall explains the motions of glaciers; 
for where the ice is under special pressure, as where it meets a 
projecting poiiit of rock, it melts and the water flowing around 
the obstacle freezes again. 

436. Latent Heat of Fusion. If a vessel containing ice and 
water at 0° C. is kept in a region where everything is at 0°, there 
will be no change, the ice will not melt nor will the water freeze. 
But if the temperature of the surrounding bodies is below 0° there 



Fig. 230. Wire cut- 
ting through a block 
of ice 
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will be a flow of heat out of the water accompanied by freezing; 
if, on the other hand, heat is given to the mass ice will melt, but 
the temperature at the surface of contact of ice and water will re- 
main steady at 0° until all is either melted or frozen. It appears, 
then, that a substance may he at the melting pointy hut it will not 
melt unless a definite amount of heat is received for each gram 
of substance melted. 

T he latent heat of fusion is the quantity of heat required to change 
one gram of a substance from the solid to the liquid state without 
change of temperature. 

If equal weights of water at 0° and at 100° are mixed together the tem- 
perature of the mixture will be 50°. But if equal weights of ice at 0° and 
water at 100° are mixed the temperature of the resulting mass of water is 10°. 

Every gram of water cooling from 100° to 10° gives out 90 calories of 
heat, but for every such gram cooled from 100° to 10° there is a gram of ice 
melted into water at 0° and then raised from 0° to 10°. For the latter 
change just 10 calories is required, therefore 80 calories must have been 
used in transforming 1 gram of ice at 0° into water at 0°. The latent heat 
of fusion of ice is therefore 80. 

Suppose m grams of ice at 0° C. are put into a calorimeter containing W 
grams of water at a temperature t and the temperature of the mixture after 
the ice is melted is f; then, calling the latent heat of fusion of the ice L, the 
heat required to melt it to water at 0° will be Lm^ and mt' calories more will 
be required to raise it to temperature t\ The water in the calorimeter will 
give out in cooling W(t — t') calories, where W includes the water equivalent 
of the calorimeter. Then 


Lm -h mt^ = 1T(/ — f). 

Of course if Wt is not as great as Lm, only a portion of the ice will be 
melted and the final temperature will be 0°. 

The latent heat of fusion doubtless represents the energy 
required to separate the molecules from the close association 
which prevails in the solid state; it probably exists in the form of 
potential energy. So when a body is heated and expands it is 
no doubt true that only a part of the heat given to it contributes 
to its rise in temperature, the rest of the heat energy doing the 
work of expansion in opposition to the internal forces of cohesion 
and also to the external pressure. This portion of what is called 
the specific heat exists as potential energy and might appropri- 
ately be called the latent heat of expansion. 
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LATENT HEATS OF FUSION 


Ice 

80.00 

Lead 

5 

.36 

Sulphur 

9.37 

Zinc 

28, 

.13 

Tin 

14.25 

Silver 

21. 

,07 

Bismuth 

12.64 

Mercury 

2. 

82 


437. Ice Calorimeter. Some important calorimetric processes 
make use of the latent heat of fusion. 

The ice calorimeter of Lavoisier and Laplace is shown in the 

figure. An inner vessel to receive 
the heated substance is surrounded 
by ice in a vessel which is again sur- 
rounded on all sides by ice contained 
in an outer vessel. Heat from out- 
side will melt ice in the outer vessel, 
but the ice in the inner vessel will 
melt only very slowly and its rate 
may be determined by the drip from 
the lower stopcock. When a mass of 
heated metal is introduced into the 
inner vessel it cools down to 0^ and 
gives out heat which causes an in- 
creased flow from the lower stop- 

Fig. 231. Ice calorimeter cock. The water escaping from this, 

' in excess of the steady drip observed 
at first, gives the weight of ice melted by the heat from the 
substance. 

Let m be the mass of the substance which was heated to a 
temperature t, and introduced into the calorimeter; and let L be 
the latent heat of fusion of ice, and W the weight of ice melted; 
then if s is the specific heat of the substance 

- 0^=^) = LW, 

This method is only adapted to determine the specific heat of 
rather large masses, as the water from the melting ice clings to 
the fragments of ice and escapes only gradually. 

438. Bunsen Ice Calorimeter. A form of ice calorimeter 
which can be used to measure small quantities of heat with much 
precision was devised by Bunsen and is represented in figure 232. 
It depends on the change in volume which takes place when ice 
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melts. The vessel PWQ is made of one piece of glass in the form 
of a bulb W enclosing a test-tube P, and provided with a curved 
neck Q. The bulb W is filled nearly to the bottom with distilled 
water, the remainder of the bulb and the neck Q being filled with 
mercury. The whole instrument is now carefully packed in snow 
and cooled to 0° C,; after which a freezing mixture is introduced 
into the test-tube P and a sheath of clear ice' frozen around it. 



Fig, 232. Bunsen ice calorimeter 


When the ice is sufficiently thick the freezing mixture is removed 
and the test-tube filled with water at 0° C. 

Attached to <2 a long capillary tube of uniform cross section 
extending horizontally. As the water in freezing expands it 
forces the mercury out to the end of this tube. Now let a frag- 
ment of substance heated to 100*^ be dropped into the test-tube: 
it gives up its heat to the water, and then to the ice surrounding 
the tube and causes some ice to melt. But in melting a contrac- 
tion in volume takes place of 0.0907 c.c. per gram of ice melted; 
and the contraction may be determined by observing how far 
the mercury column has moved back along the tube D. From 
this contraction the weight of ice melted may be determined and 
so the heat given out by the substance in cooling from 100^ to 
0^ C. becomes known. The volume of the contraction when the 
mercury moves back a certain distance along the tube D may be 
found by weighing the mercury required to fill a measured length 
of the tube. 

439. Retardation of Freezing Point. Substances may often be cooled 
below the temperature at which they normally soHdify, and still remain in 
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the liquid form. As soon as solidification begins, however, the temperature 
of the mass rises owing to the latent heat given out by the part that is 
becoming solid, and when the temperature has been raised in this way to 
the melting point no further solidification takes place. 

440. Supersaturated Solutions. The formation of crystals from a 
concentrated solution is somewhat analogous to solidification. In many 
cases when a crystal is dissolved heat becomes latent, and when it forms 
from a solution latent heat is given out. Sodium sulphate crystals may be 
melted at 48° C. in their own water of crystallization. If the solution is now 
allowed to cool slowly in a clean flask closed by a cork, it may be brought 
down to 15° or 20° without crystallizing. Dropping in a minute crystal of 
the salt will at once precipitate the crystallization, which will go on so 
rapidly that the temperature may rise 10° or 15°, but not higher than 48° C., 
the rise in temperature being produced by the giving out of what may be 
called the latent heat of crystallization. 

441. Freezing Mixtures. When a very dilute solution of common salt 
in water is cooled below 0° C., ice crystals are formed, leaving the remaining 
solution stronger; while if a saturated solution of salt is cooled in the same 
way, the salt crystallizes out, leaving the solution weaker. This goes on 
progressively as the tempj^rature is still further lowered, one solution be- 
coming stronger and the ofher weaker, until at —22° C. the two solutions 
reach the same strength, and when cooled further each solidifies into a mass 
which the microscope shows to be an agglomeration of minute crystals 
both of ice and of salt. 

The final solution, which is of such strength that on cooling neither com- 
ponent crystallizes out without the other, is said to be eutectic. 

Similarly, there may be a eutectic alloy of two metals, the melting i)oint 
of which is a minimum for the given metals. 

Now, suppose that a freezing mixture of common salt and ice at 0° C. is 
enclosed in a non-conducting vessel. The affinity of the two causes both 
salt to dissolve and ice to melt, and in each of these changes heat becomes 
latent; and this heat energy must come out of the mixture, which accordingly 
is cooled. But it appears from the first part of this article, that ice and salt 
cannot loth he in equilibrium with the same brine solution, unless it is a satu- 
rated solution at —22° C. Consequently ice and salt continue to dissolve 
until this final state is reached. No lower temperature than this can be 
produced by a mixture of these substances. By using calcium chloride and 
ice, a temperature of — 54° C. may be attained. 

PROBLEMS 

1. How much ice is melted when a mass of 500 gms. of copper at 100° C. 
is dropped into a hole in a block of ice at 0° C.? 

2. How much more energy has 1 kgm. of water at 70° C. than the same 
mass of ice at — 10° C.? 


Note: The specific heat of ice is not the same as that of water. 
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3. A mass of ice weighing 30 gms. is in a tube with water enough to make 
the whole volume 50 c.c. at 0° C. What change in volume takes place 
when 100 gram-calories of heat are given to the mixture? 

4. When 400 gms. of ice at 0® C. are put into 500 gms. of water at 60° C., 
what is the final temperature of the mixture? 

6. If 5 lbs. of snow are mixed with 2 lbs. of water at 60° C., how much 
snow will be melted? 

6. If 3 gms. of iron at 100° are dropped into a Bunsen ice calorimeter, 
find the resulting change in volume. 

7. When 2 lbs. of snow at 0° are mixed with 3 lbs. of water at 80°, fi nd 
the resulting temperature. 

8. A mass of 100 gms. of ice at —16° C. is put into water at 0° C. and 
10 gms. of the water are frozen, all coming to 0° C. Find the specific heat 
of ice. 

9. If 100 gms. of lead cools from 340° to 327° in 2 minutes and then the 
temperature remains steady for 25.8 minutes while the mass is solidifying, 
find the latent heat of fusion of lead, assuming that heat is lost at a uniform 
rate and that the specific heat of lead at 330° is 0.032. 

Vaporization 

442. Evaporation. The change from the liquid to the gaseous 
state is known as evaporation, or if accompanied by the formation 
of bubbles of vapor throughout the mass it is called boiling or 
ebullition. 

Ordinary open-air evaporation is complicated by the presence 
of the gaseous atmosphere above the surface of the liquid. The 
simple case where a vessel contains nothing but a liquid and its 
own vapor will first be considered. 

443. Saturated Vapor. Take a barometer tube about a 
meter long, fill it carefully with mercury so as to exclude all air 
and invert it in a deep cistern of mercury (Fig. 233) . The mer- 
cury in the tube will stand at the barometric height if the tube is 
raised high enough. Now introduce into the tube a few drops of 
ether. On reaching the vacuum the ether will at once evaporate 
and the mercury column will be forced down perhaps 40 cms. 
by the pressure of the vapor. If there is enough ether all will 
not evaporate, but a little will remain as a liquid on top of the 
mercury column; in this case the vapor is said to he saturated, 
and its pressure is the greatest possible for ether vapor at the given 
temperature. For if the volume occupied by the vapor is dimin- 
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ished by pushing the tube downward some of the ether vapor will 
condense^ but the height of the mercury column will remain un- 
changed, showing that there has been no change in pressure. So 
also if the tube is raised, thus increasing the volume of the vapor, 
ether evaporates, but the pressure does not 
change until all the ether is evaporated. 

A saturated vapor is one which is so dense 
that it cannot he further compressed without 
condensation. If the volume of a saturated 
vapor is diminished^ an exactly corresponding 
amount of vapor condenses , so that the pres- 
sure and density of the remaining vapor con- 
tinue unchanged so long as the temperature 
is constant, 

A saturated vapor is in equi- 
librium with its liquid, the 
tendency of the liquid to evapo- 
rate being exactly balanced by 
the tendency of the vapor to con- 
dense. Indeed it is probable 
that molecules are constantly 
escaping from the liquid and 
passing into the vapor, while 
other molecules of vapor strik- 
ing down into the liquid are 
caught and held by its attrac- 
tion, and when the vapor is 
saturated these two processes 
exactly balance. (See § 447.) 

444, Non-saturated Vapor. When a vessel con- 
taining liquid and vapor is enlarged so much that 
all the liquid is evaporated, a further enlargement 
of the vessel causes the pressure of the vapor to diminish very 
nearly according to Boyle's law for gases, and the more it is ex- 
panded and so removed from its point of condensation, the more 
exactly does it conform to Boyle's law. 

445. Influence of Temperature on the Pressure of Saturated 
Vapors. The series of changes considered in § 443 is supposed 
to have taken place at a constant temperature. The pressure 



IlG 234. 
Measuring 
vapor pres- 
sure 



ether vapor 
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of a saturated vapor increases as the temperature rises. The 
effect of temperature on vapor pressure may be determined 
by the apparatus of figure 234. Two barometer tubes are sur- 
rounded by a water bath whose temperature may be varied. A 
few drops of the liquid to be studied are introduced into one of the 
tubes and float on the mercury column, filling the upper part with 
vapor, the pressure of which causes the mercury to stand lower 
than in the other barometer. The difference in height of the 
two mercury columns thus measures the pressure of the vapor. 
Evidently this method can be applied only when the pressure of 
the vapor is less than one atmosphere. 

The following tables give the vapor pressure of water and of 
a few other liquids. 

VAPOR PRESSURE OF WATER 


Temperature 

Press. MM. op 
Mercury 

Temperature 

Press. MM. op 
Mercury 

-10® C- 

2. 16 

99.9® C. 

757.30 

0 

4.58 

100.0 

760.00 

+10 

20 

^ 9.18 

17.41 

100.1 

762.71 



■ 30 

40 

31.56 

55.0 

Temperature 

Pressure in Lbs. 

PER Sq. Inch 



50 

92.2 

100® c. 

14.7 

60 

149.2 

110 

20.8 

70 

233.8 

150 

69.1 

s'o 

355.5 

200 

225 

90 

526.0 

250 

576 

100 

760.0 


Subtract 14 • 7 from 
above to get steam- 
gauge pressure. 

VAPOR 

PRESSURES OF 

SOME OTHER LIQUIDS 

Temperature 

Al.COB.OL 

Ether 

Mercury 

-20® C. 

0.334 cm. 

6.92 cm. 


0 

1.27 

18.23 

0 . 00002 cm. 

20 

4.40 

43.48 

0.0001 

60 

22.03 

126.8 

0.0015 

100 

168.6 

492.0 

0.027 

Boiling points . . . 

0 

00 

34.6® 

357® 


Notice how small the pressure of mercury vapor in a barometer must be. 
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446. Density of Saturated Vapor. The higher the tempera- 
ture of a given mass of vapor, the smaller the volume into which 
it must be compressed before condensation begins. 

The density of a saturated vapor therefore increases with rise in 
temperature, 

447. Evaporation in Air. If water is introduced into a large 
vessel full of air, very nearly the same amount will evaporate as 
if the air had not been there. The water vapor exerts its own 
pressure independent of that of the air, making the total pres- 
sure the sum of the two. 

This is a particular case of the general law stated by Dalton as 
follows : when a liquid is contained in a vessel with air or any other 
gas or vapor that has no chemical action upon it, the amount that will 
evaporate and the pressure of its saturated vapor ivill be the same as 
though the other gas were not there j and the total pressure will be the 
sum of the pressures of the gas and of the saturated vapor. 

The law thus stated is a close approximation to the truth, but 
it does not hold exactly, especially when the gas or vapor is very 
dense. 

The presence of air or gas has a very marked effect, however, 
in retarding evaporation. The layer of air next the liquid be- 
comes filled with vapor which is gradually carried away by cur- 
rents and by diffusion and as it is removed further evaporation 
takes place till saturated vapor fills the vessel. The fact that 
the pressure of another gas or vapor does not stop the evaporation 
of a liquid, but that the process ceases as soon as the vapor reaches 
a certain definite density points to the conclusion that evaporation 
stops in the presence of a saturated vapor not because of its 
pressure but because molecules passing from it into the liquid com- 
pensate for those escaping into the vapor. 

448. Boiling. When a liquid is exposed in an open vessel 
it evaporates more or less at all temperatures, since, as we have 
just seen, the pressure of air on its surface, even though it may 
be greater than the vapor pressure of the liquid, cannot prevent 
evaporation, though it retards it. This evaporation takes place 
more rapidly the greater the vapor pressure of the liquid, hence 
the greater volatility of ether than of water; so also water at high 
temperatures evaporates more rapidly than at low. If, however, 
the liquid be heated sufficiently bubbles of vapor will form in its 
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interior and rise to the surface and escape. The liquid is now 
said to be boiling or in a state of ebullition ^ and its temperature 
remains constant so long as it keeps boiling at a given pressure. 

Boiling can take place only when the pressure of the vapor is 
equal to that of the atmosphere on the liquid surface, otherwise 
bubbles could not be formed. 

The tabulated boiling point of a substance is that temperature 
at which its vapor pressure is equal to the standard atmospheric 
pressure, viz., 76 cms. of mercury. 

If boiling takes place in a closed boiler the temperature does 
not remain constant but rises as the pressure of the contained air 
and vapor increases. 


BOILING POINTS AT ONE ATMOSPHERE PRESSURE 


Zinc 

958.0° C. 

Ammonia 

-33.6' 

Sulphur 

444.5° 

Carbon dioxide (sublimes) 

-78.0' 

Mercury 

357.0° 

Oxygen 

-182.5' 

Water 

100.0° 

Nitrogen 

-195.0' 

Alcohol 

78.0° 

Hydrogen 

-252.0' 

Ether 

34.6° 




449. Efifect of Pressure on the Boiling Point of Water. From 
the previous paragraph it appears that a table of vapor pressures 
shows the boiling points corresponding to dif- 
ferent pressures. Referring to the table on page 
307, it will be seen that near 100*^ C. the boiling 
point of water changes by one-tenth of a degree 
for 2.7 mm. change in pressure. 

A vessel of water under the bell jar of an air 
pump may be made to boil by exhausting the 
air until the pressure is slightly less than the 
vapor pressure of the water as given in the table. 

On high mountains the temperature of boiling 
is so low that eggs cannot be cooked, and in 
some high altitudes closed vessels provided with 
safety valves are used in cooking in order that it Fig. 235. Boil- 
may be possible to heat the water to a sufficiently ing at reduced 
high temperature. On Mt. Blanc water boils at Pressure 
84^^ C. By observing the boiling point the barometric pressure, 
and hence the height of a mountain, may be estimated. This 
process is known as hypsometry. 
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If a flask half full of water vigorously boiling is taken from the 
heating flame, and instantly corked air-tight with a rubber cork 
and inverted as shown in the figure, it may be made to continue 
boiling by cooling the upper part of the flask, for in this way 
vapor is condensed and the pressure on the interior is so much 
reduced that the liquid boils even though its temperature is de- 
cidedly below 100° C. 

450. Geysers. The explanation of the action of geysers 
given by Bunsen is based on the dependence of the boiling point 
on pressure. Suppose a deep fissure or well 
into which water flows at the bottom and 
where it is gradually heated from below. 
The boiling point at the surface is 100°. 
At 36 cms., or a little more than 1 ft. below 
the surface, the added pressure of the water 
column will make the boiling temperature 
•101°. Suppose at this point the actual 
temperature is 100°. Again at 10 ft. below 
the surface the boiling point is about 107° 
and the actual temperature may be a little 
less; and at 50 ft. below the surface the 
boiling point will be 127° and the actual 
temperature may here also be supposed a 
little below this. Thus at each point the 
temperature of the water column filling the 
well will be just below that required to produce boiling. Now 
suppose that at some point down in the well the water becomes 
heated to its boiling point. The bubbles of steam in forming lift 
the whole upper column of water quickly so that each point in 
the column finds itself under a pressure less than that at which 
it boils and instantly steam bursts out at every point driving the 
mass of water violently out of the well. 



Boiling 

Points 


-7 or 


Temperature^ 


Fig. 236. Geyser 


461. Effect of Dissolved Salts on Vapor Pressure. When a liquid 
contains salts in solution its vapor pressure at a given tenaperature will be 
less than in case of the pure solvent, the amount of the change depending 
on the nature and concentration of the solution. A saturated solution of 
common salt in water boils at 108.4° C., while one of calcium chloride boils 
at 179.5° and contains 76.4 per cent of the salt. The vapor escaping in these 
cases is pure water vapor at a pressure of 76 cms,, and though the tempera- 
ture of the bubbles of steam as they escape from the liquid may be higher 
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than 100°, it was discovered by Rudberg that a thermometer in the steam a 
Mule above the Mquid will record exactly as it would in steam from pure %vater. 
The yapor as it escapes has a pressure of 76 cms., if that is the external 
pressure, and a temperature above 100° C.; it is, therefore, non-saturated and 
at orice begins to cool, but when it reaches 100° it is saturated and any 
further loss of heat causes condensation n 

on the upper part of the vessel through | 

which the steam is escaping, so that the | 

vessel is soon heated to 100° and the ^ \ 

escaping steam is kept at that tempera- W I 1 

ture. C X 

On the other hand if steam at 100° is 
continuously passed into a solution of Water 
salt, as in figure 237, the salt solution will of 

be heated up to its own boiling point 700° 30 %solution of 

though that may be several degrees above 1 common salt 

100° C. I ^06° C 

452- Latent Heat of Vaporiza- 
tion. Heat is required for evapo- 

ration, just as for melting. The ^^s^eam^^ condensed 

molecules of the liquid are torn 

away from each other in opposition to their cohesion and this 
requires work. Hence vapor has more energy than an equal 
mass of the liquid at the same temperature. 
The heat required to change one gram of liquid 
11^1=== 1 ======= :^ into vapor at the same temperature is known as 

^ its latent heat of vaporization. If dry steam is 
I passed into a condensing vessel made of thin 

metal and surrounded by water in a calorimeter, 
as shown in figure 238, the steam will condense 
‘ ( I in the worm tube and collect in the bottom of the 

! condenser. In condensing, its latent heat of vapor- 

ization is given up, and the condensed water is 
cooled from 100° to the final temperature of the 
Fig Calo ^^ilorimeter. If from the whole heat received by 

rimeter for vapor the calorimeter we substract the heat given out 
by the water in cooling after it is condensed, the 
remainder is the latent heat obtained from the condensation of 
the steam. The amount of condensed water is obtained by 
weighing the inner apparatus before and after the experiment, 
and so the heat per gram of condensed steam may be found. 


Fig. 238. Calo- 
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The latent heat of vaporization of water is less at high temperatures 
than at low as might be expected; thus to evaporate 1 gram of water at 
100° takes 536.6 gram-calories of heat, while 596.7 calories are required if 
the evaporation takes place at 0° C. 

The latent heat L required to vaporize a gram of water at any tempera- 
ture t may be determined from the following formula which expresses the 
results of Griffith’s experiments, 

L == 596.73 - 0.601^ 

where t is the temperature of evaporation on the Centigrade scale. 


HEATS OF EVAPORATION (AT NORMAL BOILING POINTS) 


Water 

. . . . 537 

Ether 

91 

Wood alcohol .... 

. . . . 264 

Ammonia 

326 

Alcohol 

. ... 208 

Liquid air 

51 


453. Joly’s Steam Calorimeter. Dr. Joly has devised a very 
useful method of measuring specific heats which is based on the 

fact that if a body is immersed in 
steam at 100° condensation will 
take place on the body until its 
temperature is raised to 100° when 
no further condensation will take 
place. The heat received by the 
body is the latent heat of vaporiza- 
tion given out by the steam in con- 
densing. The apparatus is shown 
in figure 239. The body the spe- 
cific heat of which is to be deter- 
mined is hung from the pan of a 
delicate balance, and the amount 
of water condensing on it is found 
by its gain in weight when steam is passed through the inner 
vessel. 

Let w be the mass of condensed water, t the original tem- 
perature of the suspended body, m its mass, its specific heat, 
and L the latent heat of vaporization of steam,; then 

m5(100° — t) = Lw, 

464. Cooling by Evaporation. If a vessel of water is placed 
under the bell jar of an air pump and the air exhausted, the 



Fig. 239. Steam calorimeter 
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water will boil as the pressure is reduced and at the same time its 
temperature will rapidly fall owing to its giving up heat energy 
to supply the latent heat of vaporization of the vapor coming 
off. The process may even be carried so far as to freeze the 
water. This is illustrated by a device due to Wollaston and 
known as a cryophorus (cold transferrer) 
which is shown in figure 240. It consists of a 
tube having a bulb at each end and containing 
only water and its vapor, the air having been 
driven out by boiling the water before sealing 
the tube. The water is all run into the upper 
bulb while the lower one is surrounded by a 
freezing mixture. Vapor arising from the water 
in the upper bulb takes away heat in evapora- 
tion and is condensed in the lower bulb. As 
this process continues the water in the upper 
bulb is soon frozen if protected from outside sources of heat by 
being surrounded with cotton. 

In tropical countries water is kept in porous earthen jars 
put in a breezy place protected from the sun. The rapid evap- 
oration from the moist surface of the jars keeps the water cold. 
If a few drops of ether or alcohol are poured on the hand the 
chilling as it evaporates is very noticeable. If a test tube 
partly filled with ether is placed in a glass of ice-cold water and 
the ether rapidly evaporated by causing a stream of air to bubble 
through it by a foot bellows, a thick shell of ice will soon be 
frozen around the test tube. 

The ordinary wet bulb thermometer, § 457, affords another 
instance of cooling by evaporation. 

465. Refrigerating Machines. The refrigerating machines 
used for ice making on a large scale and for cooling rooms for 
cold storage depend on the condensation and evaporation of 
ammonia, the arrangement employed being as follows. Am- 
monia gas is compressed by a pump into a condenser B where 
the heat developed by the compression and condensation is re- 
moved by a stream of water. From the condenser it is con- 
ducted in liquid form through a pipe leading to the region to 
be cooled. There it escapes through a valve C into a long pipe 
D which winds about the room to be cooled, and affords large 
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cooling surface. In this pipe the ammonia evaporates and 
expands and so takes up heat from the surrounding region 
which is accordingly chilled. The expanded gas is conducted back 
to the pump where it is again compressed into the condenser. 

The valve C has only a 
small opening and chokes the 
flow so that while the pressure 
in the pipe leading from, the 
condenser to C is sufficient to 
keep the ammonia in the liquid 
form, beyond C the pressure is 
very small, permitting rapid 
evaporation and expansion. 

456. Sublimation. A solid 
may evaporate directly with- 
out passing through the liquid 
state. This is known as sub- 
liming. Gum camphor sub- 
limes very freely, also the naphthaline balls so often, used for 
protection from moths. Ice slowly evaporates when below the 
freezing point, and carbon dioxide not only passes directly into 
vapor from the solid form but cannot exist in the liquid state at 
atmospheric pressure. 

Heat is absorbed or becomes latent in sublimation just as in 
other changes of state, the latent heat of sublimation being the 
heat required to cause one gram of the substance to sublime at 
a given temperature. 

457. Atmospheric Moisture. The determination of the mois- 
ture in the atmosphere is known as hygrometry, and is of much 
importance in meteorology. 

When a mass of dry air in the free atmosphere receives water 
vapor the added pressure of the vapor causes the whole to ex- 
pand, since its pressure cannot be greater than that of the sur- 
rounding atmosphere. The expanded air is less dense than 
dry air at the same pressure and temperature, for the water 
vapor which it contains is only -I as dense as the dry air which 
it displaces. 

The following are some methods employed in determining the moisture 
in the atmosphere: 


Cold Storage Room 



Value 

c 


Fig. 241, Refrigerating by ammonia 
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1 . A measured volume of air is drawn through a tube containing some 
drying substance, such as calcium chloride or phosphoric anhydride, and the 
gain in weight of the drying substance gives the amount of moisture which 
the air contained. 

2. A bright polished metal vessel is cooled till moisture from the air just 
begins to condense on its surface. The temperature at which this occurs is 
known as the dew point. If the dew point is found to be 10° then the pres- 
sure of water vapor in the air is such that it is saturated at 10°. Hence the 
vapor pressure is 9.1 mm. as shown in the table on page 307 which gives the 
pressure of saturated water vapor at different temperatures. 

3- The temperature of the air as read by a wet bulb thermometer, one 
having the bulb covered with a thin piece of cloth kept wet by a wick dipping 
into a vessel of water, may be compared with the atmospheric temperature 
as given by a thermometer with a dry bulb. 

The wet bulb thermometer will read lower than the one with dry bulb in 
consequence of evaporation, and the more rapid the evaporation the greater 
the difference in temperature will be. 

When the two temperatures are known the hygrometric state of the 
atmosphere may be determined by reference to psychrometric tables. 

The method is exceedingly convenient but is not reliable unless the air is 
drawn by the wet bulb thermometer at a regular rate, or unless the ther- 
mometer is whirled through the air with sufficient velocity to secure the 
maximum evaporation. 

4. A human hair when treated with ether to remove oily substances is 
very sensitive to moisture, elongating when moist and contracting as it dries. 
When one end of such a hair is wrapped around a slender axle to which a 
pointer is attached, the varying moisture condition of the air may be read 
by the motion of the pointer; and the instrument is known as a hair hy- 
grometer. 

A piece of catgut when stretched by a light weight twists and untwists 
as the moisture in the air varies. 

458. Humidity. The sensation of dampness is due to the 
degree of saturation of the air. When the air is cold a com- 
paratively small amount of moisture will make it feel damp, 
because at a low temperature but little moisture is required to 
make a saturated vapor. Only 4.7 grams per cubic meter are 
required at the freezing point, while at 77'^ F. or 25° C. 22.75 
grams may be contained in a cubic meter before saturation. 

On this account the relative humidity is usually sought in 
meteorological observations. 

The hygrometric state, or relative humidity of the air, is the ratio 
of the water vapor actually contained in a volume of air to the 
amount that it would contain at the observed temperature if the vapor 
were saturated. 



3i6 


HEAT 


PROBLEMS 

1. If a Bunsen burner can heat 2 kgms. of water from 10° to 80° in 10 
minutes, how much water can it boil away per hour? 

2. How many grams of water are required to fiU a room 3X5X4 
meters in size, with saturated water vapor at 20° C.? Water vapor has 
■f the density of dry air at the same temperature and pressure. 

3. The barometric height on Mt. Washington is about 60.5 cms.; at 
what temperature will water boil there? 

4. A flask half full of water boiling vigorously is corked tight and im- 
mediately immersed in a bath having the temperature 50° C. What will 
the pressure in the flask become, and when will it stop boiling? 

6. When water boils at a pressure of 35.65 cms. of mercury, find the 
temperature and also the heat that must be supplied to evaporate 100 gms. 

6. What is the weight of a cubic meter of saturated steam at 100° C. if 
water vapor has f the density of dry air at the same temperature and 
pressure? 

7. Find the temperature of the water at the bottom of a pail of water 
30 cms. deep which is boiling while the barometer stands at 76. 

8. Find the relative humidity when the air is at 20° C., the dew point 
having been found to be 10° C. 

9. How much coal is needed to evaporate a cubic foot of water 
(28.3 kgm.) in a boiler at atmospheric pressure and boiling temperature, sup- 
posing the efficiency of the boiler to be 50 per cent and the heat of combus- 
tion of coal to be 8000 gram-calories per gm. of coal? 

10. Find the total amount of heat required to change 100 gms. of ice at 
—20° C. into steam at 100°. 

11 . A mass of 100 gms. of copper at 20° is suddenly enveloped in steam 
at 100°. Find the amount of steam that will condense on the copper. 

12. A preserve jar containing only water and its vapor is sealed up and 
put into a kettle of water which is kept boiling. Will the jar burst, and 
what will the pressure within it become? 

13. A preserve jar half full of water and half full of dry air at pressure 
76 is sealed up at temperature 20° C. and put into a kettle of water which is 
kept boiling. Find what the pressure in the jar will become, neglecting the 
expansion of water and glass. 

14. In the cryophorus how much water must distil over from the upper 
to the lower bulb in order that 50 gms. of ice may be frozen? And what 
value of the latent heat of vaporization should be used? 

16. How much ammonia must be evaporated per hour in the refrigerating 
coils in a cold-storage room if the temperature is to be maintained at 0° C. 
when 500 gram-calories of heat are flowing into the room per second? 

* Heat of evaporation of ammonia = 301.8 gram-calories at 0° C. 
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16. How much heat in British thermal units is required to evaporate a 
pound of water at 100*^ C.? 

17. How much coal is required to evaporate 100 kgms. of water in a 
boiler in which the gauge pressure is maintained at 54.4 lbs., supposing no 
heat wasted? 
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459. Triple Point. The particular temperature and pressure 
at which a substance may exist as solid, liquid or vapor, is called 
the triple point. If a vessel containing only water and its vapor is 
cooled until the water begins to freeze it will then be at its triple 
point, for all three states or phases (solid, 
liquid, and vapor) are in equilibrium with 
each other. 

In the pressure-temperature diagram 
for water (Fig. 242) the curve of boiling 
points between the liquid and vapor 
regions shows the condition of tempera- 
ture and pressure at which the vapor is 
saturated and in equilibrium with its 
liquid. 

The curve between the solid and liquid 
regions shows melting points at different pressures, while that 
between the solid and vapor regions shows the pressure of the 
vapor in equilibrium with ice at different temperatures. 

The triple point is where these lines meet. In case of water 
the melting point rises very slightly as pressure is diminished, 
so that at the triple point the temperature is about 0.0075^^ C, 
above zero, and the pressure is 4.6 mm. of mercury. 

When the temperature and pressure of a substance are such 
that the paint representing this state in a temperature-pressure 
diagram, similar to that of figure 243 for water, does not lie on 
any of the curves then the substance must all exist either as a 
solid, liquid or vapor; depending upon which of the three areas 
in the figure contains the point. 

In case of carbon dioxide the pressure at the triple point is 
greater than one atmosphere, hence that substance cannot exist 
in the liquid form at atmospheric pressure. 


76. 10Q “ 



Temperature 

Fig. 242. Triple point 




HEAT 


460. Condensation of Carbon Dioxide and Critical Point. 
The transition from the gaseous to the liquid state was first 
thoroughly studied at different temperatures and pressures by 
Andrews (1863), a diagram of whose results is given in the figure. 
Each point on the diagram corresponds to a certain state of the 

substance. The abscissa or 

distance of the point from 

\ \ \ W the side line gives the 

105^ \ ^ \ ^ volume in units of the scale 

inn - \ \ \^ at the bottom, while the 

: \ \ w distance of the point from 

I \\^ a horizontal base line meaS” 

\S \\\ by the scale at the side 

i\ ^ \N^ gives the pressure in at~ 

\ Vv mospheres. The base line 

80 ^ ■ corresponding to zero pres- 

\ \ below the dia- 

\ gram, which is made only 

ro— large enough to include the 

actual observations. A 
\ diagram repre- 

60 — ^ ' renting the series of states 

through which the sub- 
stance may be ] ni t a,t a gi vcmi 

5(h^ "“TFTN.' temperature is called an 

j j ^ ^ T T T ^ isothermal line. Thus the 

Vg/uwes line marked 13,1^ indicates 

Fig. 243. Isotherms of CO 2 that if a gram, of C( be 

taken at 13.1^ and at a 
pressure less than 50 atmospheres the volume will be greater than 
7.1 c.c. As the volume is diminished the pressure increases until 
when the volume is 7.1 c.c. the pressure becomes 50 atmospheres, 
but at this point condensation begins and the pressure remains 
constant until all is condensed. This part of the isothermal line, 
where the substance is part liquid and part saturated vapor, is 
horizontal, since the pressure is constant. 

After the vapor is entirely condensed any further decrease in 
volume is accompanied by rapid rise in pressure as indicated by 
the nearly vertical branch of the isothermal line. Where the 


1 2 3 4 5 6 7 

Volumes 

Fig. 243. Isotherms of CO 2 
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isothermal line is horizontal the substance is part liquid and part 
saturated vapor, becoming wholly saturated vapor at the right 
end where the line begins to drop from the horizontal; beyond 
this point the vapor is non-saturated, departing considerably 
from Boyle’s law at first, but conforming to it more closely 
as its volume increases and pressure diminishes. 

At 21.6° it is noticeable that the volume of the saturated 
vapor is less, about 5.2 c.c., while the volume of the liquid is 
greater than at the lower temperature, and condensation does 
not occur till the pressure has reached 60 atmospheres, this being 
its vapor pressure at 21.5° C. 

Thus as the temperature is raised the density of the saturated 
vapor increases while that of the liquid decreases until at 31° 
they seem to come together, the saturated vapor having the 
same density as the liquid. In this case there is no visible con- 
densation with separation of liquid and vapor, and the iso- 
thermal line shows no straight horizontal part, but simply a 
point of inflection where the tangent is horizontal. 

The next isothermal, that for 35.5°, shows a point of inflection, 
a point where the compressibility is a maximum, as indicated 
by the large decrease in volume for small rises in pressure, but 
there is no condensation. And at 48° there is scarcely any 
evidence even of a point of special compressibility, the pressure 
rising steadily and rapidly as the volume is diminished. 

The point at which the density of the liquid becomes equal to 
that of its saturated vapor is called the critical point. The tem- 
perature and pressure of the substance at that point are known 
as its critical temperature and pressure, and the volume of one 
gram as its critical volume. 

The critical temperature may also be defined as that tem- 
perature above which the substance cannot exist as a liquid having 
a free surface. 

461. Gas and Vapor. It thus appears that there is no sharp 
distinction between gases and vapors. What are ordinarily known 
as gases are substances whose critical temperatures are so low or 
critical pressures so great that under ordinary conditions they 
cannot exist as liquids with a free surface, while vapors arise 
from substances whose critical temperatures are so high that they 
ordinarily exist even at atmospheric pressure in the liquid state. 
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CRITICAL TEMPERATURES, PRESSURES, AND VOLUMES 


Substance 

Temperature in 
Degrees C. 

Pressure in 
Atmospheres 

Volume of 1 
Grm. in C.C. 

Water 

365.0° 

195.0 

2.3 

Ether 

194.4 

35.6 

3.8 

Sulphur dioxide 

155.4 

78.9 

1.9 

Ammonia 

130.0 

115.0 


Carbon dioxide 

30.92 

77.0 

3.4 

Oxygen 

-118.0 

50.0 

1.5 

Nitrogen 

-146.0 

35.0 

2.7 

Hydrogen 

-242.0 

20.0 


Helium 

-266.0 

2.3 



462, Condensation of Gases. Faraday, about 1823, began a 
series of experiments in which he liquefied nearly all the known 
gases except oxygen, nitrogen, hydrogen, and carbon monoxide. 

The form of apparatus used by him 
for chlorine and other gases is shown 
in figure 244. It consists of a strong 
bent glass tube hermetically sealed, 
in one end of which is placed the 
substance or mixture from which the 
gas is to be evolved, while the other 
end is placed in a freezing mixture to 
induce condensation. When heat 
is applied the gas is given off on one side and the pressure due to 
its own evolution causes it to condense on the other. In cases 
where heat was not required the two ingredients were placed sepa- 
rately in the two branches of the tube which was then sealed. 
The tube was then tipped up so that the substances were mixed in 
one branch of the tube while the other was introduced into the 
freezing mixture as before. 

Solid Carbon Dioxide. When carbon dioxide, after being 
liquefied by pressure, is cooled, and then allowed to escape from a 
small opening, the evaporation and expansion produce such a 
degree of cold that a considerable part of the escaping substance 
is frozen into snow. If the jet is enclosed in a woolen bag this 
snow may be collected. It slowly sublimes, passing directly 
from the condition of solid to vapor only so fast as the necessary 
heat of vaporization is obtained from surrounding bodies. 
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The temperature of solid CO 2 at atmospheric pressure is 
— 78° C. ; if a little is placed on the hand it is kept from close con- 
tact at first by the gas given off due to the heat of the hand. If 
pressed into contact it burns like a hot iron. If mixed with 
ether a freezing mixture is obtained giving a temperature of 
“-78° C. at atmospheric pressure, and if the pressure is reduced 
by an air pump —116° C. may be reached. The mixture even 
at atmospheric pressure readily freezes mercury. 

463. Liquefaction of Air. Many attempts were made to 
liquefy the permanent gases, as they were called, by Faraday, 
Natterer, and others, but without success until, in 1878, Cailletet 
and Pictet, working independently, one at Paris and the other 
at Geneva, almost simultaneously achieved the desired result. 
Both subjected the gases to great pressure and then cooled them 
to the lowest point attainable by evaporating liquid sulphur 
dioxide or carbon dioxide under diminished pressure. But 
even at the low temperatures thus secured no condensation was 
observed until a stopcock was opened and the compressed gas 
suddenly permitted to expand. The 
cooling due to this sudden expansion 
caused a cloud of particles of condensed 
gas to appear. In this way oxygen, 
nitrogen, and carbon monoxide were 
shown to be liquefied. 

Wroblewski and Olszewski ob- 
tained a still lower temperature by 
cooling liquid ethylene first with ice and 
salt, then with carbon-dioxide snow 
mixed with ether, and finally the cooled 
ethylene contained in a triple-walled 
glass vessel was made to boil at dimin- 
ished pressure, the gas as it evaporated 
being pumped out by an exhaust pump. 

(Fig. 245.) In this way a temperature 
of — 136°C. was reached, and when oxygen was compressed 
into a tube dipping below the surface of the boiling ethylene 
it was condensed at a pressure of about 20 atmospheres. In this 
manner considerable quantities of liquid oxygen and nitrogen 
were first obtained. 


COq snow 



Fig. 245. Wroblev^ski’s 
apparatus 
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Lindens Apparatus. The present methods of obtaining liquid 
air on a large scale are based on the progressive cooling of a stream 
of escaping gas by its own expansion, and the first apparatus of 
this kind was devised by Dr. Linde in 1895. Compressed air at a 
pressure of about 200 atmospheres, and dried and purilied from 

carbon dioxide, passes into the inner 
tube of the interchanger which con- 
tains long coils of tubing one within 
the other and packed in felt to pre- 
vent the inflow of heat from outside. 
At the lower end of the interchanger 
is a needle valve through which the 
compressed gas is allowed to escape in 
a steady stream. The escaping gas 
cooled by expansion passes out 
through the outer tube of the inter- 
changer, thus cooling the inflowing 
stream of compressed gas in the inner 
tube. But this on expansion is still 
further cooled and so the cooling goes 
on progressively until the temperature 
becomes so low that a part of the air 
is liquefied as it escapes at the valve and falls into the receiver 
below, where it is collected. (See note, § 465.) 

This receiver is a double-walled glass vessel (such as are used 
in thermos bottles) known as a Dewar flask. The space between 
the walls of the flask is thoroughly exhausted of air to prevent 
conduction of heat to the inner vessel. The surface of the inner 
vessel is coated with a silver film which forms a bright metallic 
mirror that reflects radiation and thus still, further aids in pre- 
venting the liquid air from receiving heat from outside. 

Liquid air when first produced contains both oxygen and nitro- 
gen, but as the boiling point of nitrogen ( — 195,5° C.) is lower 
than that of oxygen (—183° C.) the former soon boils off leaving 
nearly pure oxygen. 

464. Liquefaction of Hydrogen and Helium. The lique- 
faction of hydrogen has been accomplished by Dewar using an 
improved form of Linde’s apparatus in which two separate inter- 
changers were used, one entirely surrounded by the other. The 



Fig. 246. Liquid air 
interchanger 
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outer one was first used for the production of liquid air and in 
this way the whole apparatus was cooled to — 180^ C. Hydrogen 
was then passed through the inner apparatus and still further 
cooled by its own expansion until it finally collected as a clear 
liquid boiling under atmospheric pressure at — 252° C. or 21° 
above the absolute zero. 

On reducing the pressure the temperature of the boiling hydro- 
gen was lowered until it froze into a solid at —258° C. 

A cubic centimeter of liquid hydrogen weighs 0.086 gm.; it is 
therefore the lightest liquid known. 

If a bulb containing air has a long neck which is sealed up and 
surrounded by liquid hydrogen the air will condense and freeze 
in the neck leaving the bulb highly exhausted. 

If fragments of box charcoal are contained in the cooled neck 
their absorption is so powerful that the bulb becomes almost a 
perfect vacuum. 

Helium, the last gas to yield to condensation, was finally 
liquefied in 1908 by the Dutch physicist, Onnes. Liquid helium, 
according to Onnes, boils at —268.5° C., and has a density 0.15. 

465 . Note on Cooling by Expansion in Linde’s Apparatus. The cooling 
of a steady stream of gas escaping under pressure through a small opening, 
as in Linde’s apparatus for the liquefaction of air, is by no means as great 
as when a mass of gas is expanded in a non-conducting cylinder as explained 
in § 423. For while the expansion of the gas tends to cool it, the kinetic 
energy of the gas rushing out of the opening tends to heat the expanded gas 
and one effect nearly balances the other so that the cooling is but slight in 
case of air at room temperature. As air is cooled, however, the effect in- 
creases until a sufficiently low temperature is reached to liquefy the air. 

•When a stream of hydrogen gas at room temperature is forced in this way 
through a small opening the gas is slightly heated instead of being cooled 
and it is only after being cooled below —80° C. to begin with, that the 
escaping jet is cooled at all by its own expansion. 


MELTING AND BOILING POINTS OF CONDENSED GASES 


Substance 

Melting Point 

Boiling Point 

Helium 

Unknown 

-268.5° C. 

Hydrogen 

-258° C. 

-252.0 

Nitrogen 

-210 

-195.6 

Oxygen 

-227 

-183.0 

Air : 


-191.0 
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Heat Engines 

466. Heat Engines. The conversion of heat into mechanical 
energy is of the greatest importance to man, since vast stores of 
fuel existing in the earth as coal, petroleum and gas are thus made 
available for useful work. 

It is interesting to consider that these deposits are really store- 
houses of the energy of sunlight which fell on the earth in ages 
long gone by and effected the separation of carbon from oxygen in 
plants, thus storing up potential energy which is ready to be 
given back to us as energy of heat under the magic touch of 
flame. 

The principal kinds of heat engines are the steam engine, the 
hot-air engine, and engines that burn gas or vapors explosively. 

467. The Steam Engine. A simple double-acting steam 
engine is shown in the diagram (Fig. 247) . Steam from the boiler 
is admitted to the steam chest 5, passes through one steam port 
into the cylinder A and forces the piston toward the left. What- 
ever steam or air is in the other end of the cylinder B escapes 
through the other port, passes under the cup-shaped slide valve 
and out at the exhaust E, But the slide valve is so connected 
to the main shaft through the eccentric that as the piston moves 
toward the left the slide valve moves toward the right, closing 
the first port and opening that at the other end of the cylinder. 
Steam is thus admitted first into one end of the cylinder and then 
into the other, forcing the piston back and forth, llie flywheel 
F which has a large moment of inertia steadies the motion and 
carries the crank C past the ‘^'dead centers. 

468. High-pressure and Condensing Engines. When the 
exhaust E opens directly into the atmosphere the engine is called 
high pressure, because the power depends on the excess of the 
steam pressure in the boiler above the atmospheric pressure out- 
side. Ordinary locomotives and most small engines are of this 
type. 

But greater economy is obtained by connecting the exhaust to 
a vacuum chamber in which the steam as it comes from the engine 
is condensed by a jet of cold water or in tubes surrounded by cold 
water, a small pump being provided to pump out from the 
vacuum chamber the condensed steam as well as any air that may 
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have leaked in. Such engines are known as condensing engines, 
and since the pressure in the vacuum chamber may be less than 
1 lb. to the square inch the back pressure against the piston is 
less by 14 lbs. to the square inch than if the exhaust had opened 
into the atmosphere, and the effective pressure is consequently 
just so much greater. 

469. Compound Engines. To get as much work as possible 
out of steam it should be used expansively in the engine, and 



Fig. 247. Steam engine 

should not pass into the exhaust until its pressure in consequence 
of expansion has diminished almost to that in the exhaust, 
otherwise it escapes with explosive puffs which represent lost 
energy. 

If the expansion takes place in one cylinder the steam which is 
admitted at high pressure and temperature does not escape until 
its pressure and temperature are both greatly reduced by ex- 
pansion. To avoid this great change in pressure and tempera- 
ture in a single cylinder ^ compound engines are used in which the 
steam passes successively through several cylinders, a part of 
the expansion taking place in each one. Each cylinder must be 
larger than the preceding one to allow for the expansion of the 
steam, and as the steam pressure in one cylinder is less than in the 
preceding one the area of the piston head is made correspondingly 
larger in the second, so that the total force exerted by each 
piston may be about the same. 

470. Steam Turbine. In the DeLaval steam turbine one or 
more jets of escaping steam are directed against a series of blades 
set in the rim of a wheel, driving it with great velocity. 
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In the Parsons turbine (Fig. 248) the blades are set in rows or 
bands around the circumference of a long cylindrical drum, which 
rotates inside of an outer case. Steam is admitted around one 
end of the cylinder and impinges obliquely on the lirst row of 



blades. These blades are curved so that they deflect the stream 
of escaping steam as it passes between them and direct it against 
a second row of blades fixed to the outer case. These in turn 
deflect the stream so that it strikes obliquely against the second 
row of blades on the rotating cylinder, thus the escaping steam 
acts on row after row of blades successively from one end of the 
cylinder to the other where it escapes into 
the exhaust. The space between the rotat- 
ing cylinder and the outer case widens 

h Drawing In explosive mixture tOWUrd thC Othcr tO allOW fOr 

the expansion of the steam as it passes 
through, and consequently the blades are 
short at the end where the steam enters 
but are longer as the other end is ap- 
proached. The turbine is thus in some 
respects like a compound engine, the suc- 
s. Piston driven out by expiosior ccssivc rows of bladcs iu thc former corre- 
sponding to the successive cylinders in 
the latter. 

4. Pushing out waste gases ^71. Gas uud Gasoleue Engines. In 

Fig. 249. Four-cycle engines an explosive mixture of gas 

gas engine or gasolene vapor and air is drawn into 

the cylinder and there ignited, power 
being obtained from the expansive force of the hot gases which 
result from the explosion. Figure 249 shows the series of opera- 
tions in the four cycle ” or Otto type of engine. In the first 
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outward stroke the mixture of air and gas in proper proportion 
is drawn in; the valve then closes and the mixture is compressed 
on the return stroke. When the crank is on the '' dead center 
and the compression is maximum the mixture is ignited by flame 
or electric spark and power is obtained from the thrust of the 
expanding gas on the outward stroke. The exhaust valve then 
opens and the waste gases are driven out as the piston moves 
back. The engine is made single acting to 
avoid undue heating and the cylinder is 
also kept cooled by a circulation of water 
around it. It will be observed that power 
is obtained only in the third operation, or 
on every alternate outward stroke. A 
heavy flywheel is, therefore, used, or in 
automobiles four such engines may act on 
one shaft, the explosions taking place suc- 
cessively in the several cylinders, one to 
every half revolution of the shaft. 

In so-called two-cycle ’’ engines the 
explosive mixture which has been com- 
pressed in the crank case by the outward movement of the piston 
is admitted to the cylinder near the end of the stroke while the 
exhaust valve is open, and by its inrush helps to displace and 
drive out the spent gases. The mixture is compressed as the piston 
moves back and then exploded, giving power on the outward 
stroke. Of course in this case there is some mixture of the spent 
gases with the fresh charge and some of the latter is also lost 
through the exhaust. 

472. Efficiency of Heat Engines. The efficiency of an engine 
is the ratio of the work done in a given time to the mechanical 
equivalent of the heat which is supplied to it during that same 
time. It is shown by thermodynamic reasoning that no engine 
can have a greater efl&ciency than 

r - To 



Fig. 250. Two-cycle 
gasolene engine 


where T is the highest temperature of the working substance as it 
passes through the engine and To is its lowest temperature, both 
measured on the absolute scale. 
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Thus if an engine takes in steam at 163 lbs. pressure, the tem- 
perature of which is 185° C. and if the temperature of the exhaust 
is 100° C., then T = 458 and To = 373 and its efficiency cannot 
be greater than = 18%+. 

Taking account also of the loss of heat in the furnace and boiler, 
it is found that a good engine (multiple expansion and condensing) 
may give about 1 horse-power-hour per pound of coal, but or- 
dinary non-condensing engines require 2 or 3 lbs. of coal per 
horse-power-hour. 

For a further discussion of the relations of heat to work, taking 
up the Second Law of Thermodynamics, Carnot’s cycle, and the 
Kelvin absolute or thermodynamic scale of temperature, see 
Appendix I, 

REFERENCE 

See account of development of the steam engine in Heat as a Form of 
Energy j by R. H. Thurston. 

Radiation and Absorption 

473. Radiation. A person standing near an open fire is con- 
scious not only of the light coming from it, but also of a sensation 
of warmth which is felt in the skin wherever it is directly exposed 
to the glow. This sensation is lost when an opaque screen is 
interposed, and returns as instantaneously as the light when the 
screen is withdrawn. This is shown by the fact that after a 
solar eclipse the warming effect of the radiation from the sun 
reappears as soon as the light itself. 

The radiation may be felt even through a sheet of thin ice and 
by means of a lens of ice it may be converged into a focus suffi- 
ciently intense to ignite gun cotton. 

But since both sides of the ice are at the same temperature 
(the temperature of melting ice) no heat can be transmitted by 
ordinary conduction. Radiant energy is, therefore, transmitted 
by a very different process. This is also shown by the fact that it 
passes with the greatest facility through a vacuum,. 

The process of emitting energy in this way is called radiation, 
and the total stream of energy coming from the body in this way 
is called its radiation. 

We shall discuss here some circumstances which influence the 
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giving out and absorbing of this radiant energy, but radiation 
itself, its nature and varied phenomena, will be taken up in our 
later study of light, for light is but that part of the total stream of 
radiation to which the human eye responds. 

474 . Instruments for Detecting Radiation. The heating 
effect of radiation is detected usually either by the thermopile, 
radio-micrometer, bolometer, or radiometer. The thermopile 
and radio-micrometer are explained (§§ 675, 682) in the section 
on thermo-electricity. 

In the bolometer, devised by Langley, a thin strip of platinum 
perhaps 0.01 mm. thick and 0.5 mm. wide and having a blackened 
surface, is mounted in connection with a Wheatstone's bridge and 
galvanometer so that its resistance may be balanced. When 
radiation falls on the strip it is heated, and in consequence its 
electrical resistance changes slightly, which disturbs the balance 
of the bridge and causes a current to flow through the galva- 
nometer. The mass of the platinum strip is so small that its 
change in temperature takes place almost instantaneously when 
radiation falls upon it. Langley was able to make the arrange- 
ment so sensitive that a change in temperature of the strip as 
small as one-millionth of a degree could be detected. 

It was found by E. F. Nichols that the principle of the radi- 
ometer (§ 477) might be used in the construction of an instrument 
which was exceedingly sensitive for the detection and measure- 
ment of radiation. 

In this instrument a light cross arm of wire carrying on each 
end a small disc of mica blackened on one side, and having a 
small mirror hung from it, is suspended by a fine quartz fiber in a 
vessel from which the air can be completely exhausted. The 
mica discs are vertical with their edges toward the axis of suspen- 
sion, and the blackened sides of both face toward the same side. 
When a moderate exhaustion is reached the slightest radiation fall- 
ing on the blackened side of one of the discs causes it to be repelled 
as explained in §477. The suspended system consequently 
turns through a small angle which may be determined by observ- 
ing through a telescope the image of a scale reflected in the mirror. 

475 . Radiating Power. Bodies at the same temperature may 
differ greatly in radiating power. This is shown by Leslie's 
cube, which is a brass cubical vessel containing boiling water. 
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This view is known as the theory of exchanges, 

479. Apparent Radiation of Cold. The radiation from a 
block of ice may be converged upon a thermopile by means of 
a concave mirror and produces a decided cooling effect. 

But whatever radiation goes from the ice to the thermopile 
must have energy and hence when absorbed must give heat to 
the thermopile. The explanation of the cooling is found in the 
theory of exchanges; for while the thermopile is receiving radia- 
tion from the ice, it is itself giving out more energetic radiation 
and is therefore cooled. The ice gives its feeble radiation to 
the thermopile but it intercepts the more intense radiation that 
would have reached the thermopile from other warmer bodies 
if the ice had not been there. 

480. Equality of Radiating and Absorbing Powers. The 

Stewart-Kirchhoff Law. Imagine a body A supported at the 
center of a hollow vessel from which the air has been completely 
exhausted, and the interior surface of which is coated with 
lamp-black. If the outer vessel is kept at a constant tempera- 
ture the inner body will also finally come to that temperature. 
It will then be in a state of equilibrium, giving out just as much 
energy in radiation as it absorbs from the radiation that falls upon it. 

If the central body is a good reflector, like a piece of polished 
metal, it will reflect most of the radiation that falls upon it, 
absorbing only a small fraction. But its own radiation must 
exactly make up for what it absorbs, consequently it will radiate 
but little, and the total radiation coming from the body, being 
made up of what is reflected together with what the body 
radiates, must be just equal to the total radiation falling upon it. 

If, on the other hand, the central body is a good absorber, such 
as a fragment of carbon, it will absorb nearly all the radiation 
falling upon it, reflecting very little. In this case it will radiate 
strongly, the radiation being equal to what it absorbs, and 
here also the total stream of radiation coming from the body is 
exactly equal to that which falls upon it, for its own radiation 
supplies the place of what it absorbs. 

In a closed region, then, which is all at one temperature, 
the total radiation coming from any surface, partly reflected 
and partly radiated, is the same whatever may be the nature of 
the surface, whether it is a good reflector or a poor one, and is 
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equal to the radiation which would be given off at that tem- 
perature from a perfectly absorbing body or an ideal black body. 

The above conclusion was reached independently by Kirchhoff 
and Balfour Stewart about 1858, it is illustrated by an experi- 
ment performed by Draper in 1847, in which a gun barrel con- 
taining fragments of various metals, colored crockery, etc., was 
heated in a furnace to a red heat. On looking into the gun 
barrel one substance could not be distinguished from another, 
the stream of radiation being the same from all, and equal to 
black-body radiation. Draper drew from his experiment the 
erroneous conclusion that all bodies became self-luminous at the 
same temperature, about 525° C. 

The radiation which is actually emitted by a body as distinct from 
what is reflected by it is, therefore, equal to the portion of black body 
radiation that it can absorb at the same temperature. 

Consequently bodies which are good reflectors and poor 
absorbers are also poor radiators, while poor reflectors which 
absorb strongly are also good radiators. 

481. Law of Total Radiation. From the study of a large 
number of experimental results Stefan in 1879 concluded that 
the total energy of radiation R coming from a body was pro- 
portional to the fourth power of the absolute temperature, or 

R = CT^ 

where C is a constant. 

Boltzmann, in a masterly discussion based on MaxwelFs 
electromagnetic theory of light, reached the conclusion that 
Stefan's law is strictly true for black-body radiation; and this con- 
clusion is borne out by the very thorough experimental investi- 
gations of Lummer and others. The law is also found to be 
approximately correct in other cases of purely thermal radiation. 

The radiation in gram-calories per second from 1 sq. cm. of 
surface of a black body at temperature T reckoned from the 
absolute ztio, is found to be (1.30 X 10“^^) 

482. Law of Cooling. If a body at a temperature t is placed 
in an enclosure at some lower temperature t' , it will cool, and 
the rate of cooling will be rapid iit — t' is large. It was assumed 
by Newton that in such a case the rate of cooling is proportional 
to ^ — f, or the heat lost per second equals Kit — f), where K 
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is a constant to be determined by experiment. This law is 
nearly true if the difference between the two temperatures is 
not large, and it is often convenient to use. But the true law 
of cooling is based on the law of exchanges. By the preceding 
paragraph the heat given out in radiation by a body whose abso- 
lute temperature is T is equal to CT^ where C is a constant. If 



Fig. 253 . Curves showing that the wave length of most energetic 
radiation is shorter in proportion as the temperature of the radiating body 
is higher 

it receives radiation from a black body at temperature Ti it will 
absorb CTi^, consequently the loss of heat per second is equal to 

483. Wave Length of Most Energetic Radiation “ Wien’s 
Displacement Law. The radiation from a hot body, as we shall 
see later (§ 934), is complex in its nature and made up of ether 
waves of different wave lengths. 

In figure 253 are given curves each of which corresponds to 
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a certain temperature and shows how the intensity of the radia- 
tion of a black body at that temperature varies with the wave 
length. 

It will be observed that the hotter the radiating body the 
shorter is the wave length of most energetic radiation (corre- 
sponding to the highest points on the curves). Experiment and 
theory have combined to establish the remarkable law that the 
wave length of most energetic radiation is inversely propor- 
tional to the absolute temperature, or in symbols: 

XT = a constant, found to be 2940 by Lummer and Prings- 
heim, where X is the wave length in thousandths of a millimeter for 
the highest point on the energy curve and T is the correspond- 
ing temperature measured from the absolute zero. 

Assuming that the radiation from the sun is sufficiently like 
that from a black body for the law to apply ^ we may determine its 
temperature. For the wave length of maximum energy in the 
sun’s radiation is found by Langley to be 0.0005 mm., which gives 

2940 

for the sun’s temperature — — = 5880^ absolute, or 5607° C. 

0.5 

Since the longest radiation waves that affect the eye give the 
sensation of red, the above law shows why a heated body should 
first become red hot and as the temperature rises the shorter 
waves become relatively more energetic until finally it appears 
white hot. 

484. Quantum Theory. In order to account for the manner 
in which the energy of the radiation from a black body is dis- 
tributed among the different wave lengths (§ 483) as shown by 
such curves as those in figure 253, Planck found it necessary 
to assume that there is something in the process of radiation 
which causes energy to be radiated in small units or packets 
called quanta^ and that the elementary unit or quantum for any 
given wave length is equal to hv where v is the frequency of the 
emitted radiation and where h is an absolute constant known 

V 

as FlancWs constant. {v= where V is the velocity of light and 

X 

X is the wave length of the radiation.) The value of ^ in C. G. S. 
units is found to be 6.56 X 10”^^ erg seconds. 

Since the time that Planck first proposed the quantum theory 
in 1901, many branches of experimental research on the emis- 
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sion and absorption of radiation have shown most convincingly 
that radiation is emitted and absorbed in minute grains of 
energy of size hv, called quanta. In fact the modern theories of 
the structure of the atom, as proposed by Bohr and others, are 
fundamentally based on the idea of quanta. The size of these 
quanta is seen to depend upon the wave length of the radiation. 
For long wave lengths, such as those of radio (§ 818) or of radiant 
heat (§ 483) the quanta are thousands to millions of times smaller 
than for the shorter wave lengths of light (§ 975) or the extraor- 
dinarily short ones of X-rays (§ 977). 

Although called by different names, these waves are all of the 
same nature. They differ only in their wave lengths, power of 
penetration, etc. 

The quantum theory and radiation have assumed such im- 
portance in modern physics that a special discussion of this 
subject is given at the end of the book. 

485. Dew. Leaves and grass are rather good radiators and 
on clear nights they radiate strongly toward the sky and receive 
very little radiation in return. What is received comes for the 
most part from the air, which like all gases is a very poor radiator. 
Consequently vegetation is cooled and if there is much moisture 
in the air it condenses in the fopm of dew. Cloudy nights are 
unfavorable for the formation of dew since clouds radiate toward 
the earth. 

When the temperature of the air is near the freezing point 
the chilling due to radiation causes ice crystals to form and 
frost is deposited instead of dew. 

On windy nights there is usually no dew or frost because 
the rapid movement of the air over leaves and grass acts by 
conduction to keep vegetation at the same temperature as the 
general mass of air, thus the heat lost in radiation is supplied 
by convection and conduction; but on still nights the layer of air 
resting next to a cooled leaf soon becomes chilled below the 
average air temperature. 
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Properties oe Magnets 

486. Natural Magnets. It was known to the ancients that 
certain iron ores had the power of attracting iron filings and 
small fragments of the same ore. The first specimens of this 
ore were obtained at Magnesia in Asia Minor and were on that 
account known as magnets. The mineral exhibiting this quality 
in the highest degree is a compound oxide of iron now known as 
magnetite. If such a natural magnet or lodestone is dipped into 
a mass of iron filings they cling to it in tufts especially at certain 
points called poles. 

487. Mariner’s Compass. If a lodestone having a strong pole 
at each end is balanced on a point or suspended by a cord or 
placed upon a float in water, it wiU set itself with one pole 
toward the north and one toward the south. The mariner’s 
compass, which makes use of this property of the lodestone, 
was known in Europe in the year 1200 and probably earlier 
among the Chinese. 

488. Artificial Magnets. If a small strip of hardened steel 
is brought into contact with a lodestone it becomes a magnet, 
and retains the property even when taken away. Iron filings 
will cling to it in tufts usually at its ends. If it is balanced on a 
point, one end will turn toward the north just as in the case of the 
lodestone. Such a piece of steel is said to be magnetized and to 
exhibit magnetism. When balanced on a point so that it can 
freely turn it is called a magnetic needle. 

Very powerful magnets are made by causing a current of electricity to 
flow around a core of soft iron; such electromagnets, as they are called, will 
be discussed later (§ 693). 

489. Magnets Have Two Kinds of Poles. The fact that a 
magnetic needle will always set itself with the same pole pointing 
to the north indicates that the two poles are different. If two 
magnetic needles are brought near each other it will be found 
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that the two north seeking poles repel each other; so also the 
two poles that turn toward the south repel each other; but if 
the north pole of one is brought near the south pole of the other 
decided attraction is observed. Thus like poles repel and unlike 
attract each other. 

The pole turning toward the north is usually called the north 
pole in English books, but the French call it the south pole 
because its polarity must be like that of the south pole of the 
earth, considering the earth as a magnet. 

490. Number of Poles. If a thin strip of hardened steel, a 
piece of clock spring for example, be magnetized by drawing 
a pole of a lodestone or other magnet over it from one end to 
the other it will probably be found to have two well-marked 
poles, one at each end. If we break the magnet in the middle 
and try to isolate one pole, it will be found that poles have 
appeared where it was broken and that each fragment has two 
opposite poles. However small the magnet may he broken up, 
each piece shows a north pole and a south pole. No one has ever 
made a magnet with one pole. 

It is possible, however, for a magnet to have any other number 
of poles and a ring may be magnetized and have no poles at all. 
Long thin bars of steel when magnetized often shoiv more than 
two poles. 

491- Relative Strength of the Poles. When a magnetic 
needle is floated in a dish of water it at once sets itself in a north 
and south direction, but it shows no tendency to be drawn to- 
ward the north or toward the south. The north pole of the mag- 
net is urged toward the north with a force equal and opposite 
to that acting on its south pole. The force between the earth 
and the north pole of the magnet is equal and opposite to that 
between the earth and the south pole of the magnet. It is con- 
cluded, then, that the two poles of a magnet are equally strong. 

If the floating magnet has more than two poles, the result 
is the same, it is not drawn either toward the north or south. 
This indicates that the combined strength of the north poles in 
a magnet is equal to that of its south poles. 

492. Nature of Magnetism. The fact that the fragments of a 
magnet always have two poles indicates that magnetism is a 
condition which prevails throughout the whole mass of the mag- 
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net, and polarity is merely an external manifestation of that con- 
dition. A piece of steel or iron is conceived as made up of 
particles or molecules each one of which is a little magnet. 
When the steel is not magnetized these particles are thought 
of as turned under the influence of their mutual attractions so as 
to form little closed groups in which the north pole of one parti- 
cle is drawn toward the south pole of a neighboring one. At any 
point of the surface north poles and south poles thus neutralize 
each other so far as any external effect is concerned. Such a bar 
shows no evidence of poles, and we say it is not magnetized. 

If, however, the bar of steel is placed between the poles of a • 
powerful magnet, or if the opposite poles of two magnets are 
placed near together on the middle of the bar and then drawn 
apart toward its two ends, the particles of the bar are rearranged, 
being drawn apart from their former association under the 



Fig. 254. Non-magnetized steel bar Fig. 255. Magnetized bar 


influence of the more powerful external attraction. The ar- 
rangement is now that shown in figure 255 where the particles 
are arranged in continuous chains or filaments, running from one 
end of the magnet toward the other. All the little south poles 
now have one general direction and all the ends of the filaments 
terminate on the end and sides of the magnet toward the right, 
while the north ends (point of the arrows) all terminate toward 
the left. The bar now exhibits north polarity on the left and 
south polarity on the right. If all the magnetic filaments were 
straight parallel chains of particles extending from one end to 
the other then polarity would be found only on the extreme ends, 
but in consequence of the mutual repulsion of similar poles the 
arrangement becomes as above shown, and the poles always 
extend over the sides of the magnet. 

For a discussion of the part which electrons play in magnetiza- 
tion, see § 528. 

493. Magnetic Induction. When the pole of a strong magnet 
is placed on the upper end of a short bar of steel which is clamped 
in a vertical position (Fig. 256), the steel becomes magnetic 
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Fig. 256. 
Magnetic in- 
duction 


and will support a considerable mass of iron filings at its lower 
end. If the magnet is now separated from the steel bar some of 
the filings will drop off but enough will remain to show that the 
steel retains considerable of the magnetism that was induced 
in it by the presence of the magnet. It is perma- 
nently magnetized. If a bar of soft iron of the same 
size is now substituted for the steel and the ex- 
— ^ — periment repeated, it will be found that the iron 
I becomes more strongly magnetic than the steel 

I when under the influence of the magnet, but when 

.Gj . the magnet is withdrawn it loses its magnetism 
almost entirely- It does not become permanently 
magnetized. The magnetic particles may be 
Fig. 256. thought of as subject to a kind of frictional rc- 
Magnetic in- gjstance in case of steel which makes their arrange- 
ment and the consequent magnetization of the steel 
more difficult than in case of soft iron, but also prevents the 
arrangement from being so easily broken up by the forces with 
which the molecular magnets act on each other. 

494. Magnetism Acts through Different Media. Magnetism 
acts through most sulstances pist as through air or vacuum. Take 
a powerful horseshoe magnet or, better still, an electromagnet 
and place across its poles a thin sheet of 
cardboard and then bring up a mass of 
iron filings under the cardboard: they 
will cling in a great mass under the poles. 

If a plate of glass or lead or wood or any 

other non-mapietic substance be substi- 

tuted they will cling in the same way. 

Let the plate now be fixed in position a 

short distance down from the poles of the magnet, as in figure 
257, some iron filings will fall off as it is lowered, but if not too 
far separated a considerable mass will still cling. Now slip in a 
plate A between the magnet and the lower plate on which the 
filings rest. There will be no change if the plate A is of wood, 
glass, brass or any other non-magnetic substance, but if an iron 
plate is introduced at A immediately some or all of the filings will 
fall, showing that an iron plate will screen the region beyond, at 
least partially, from the action of the magnet. 
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Law oe Force and Magnetic Field 


495. Law of Force between Two Poles — Coulomb’s Law. 

The law of force between two magnets was first carefully studied 
by Coulomb (1736-1806) by means of the torsion balance. A 
magnet was suspended by a fine wire in a horizontal position 
inside of a glass vessel by which it was screened from air cur- 
rents. The upper end of the wire was attached to a graduated 
head by which it could be 
twisted through any desired 
number of degrees. A second 
magnet mA was then fixed in 
a vertical position with one of 
its poles near the similar pole 
of the first magnet. The force 
of repulsion was measured by 
the torsion of the wire. By 
twisting up the wire by the 
head e the poles were brought 
closer together, and the in- 
xreased torsion in the wire 
gave the increase in repulsive 
force. The method is compli- 
cated by the fact that the 
magnetic attraction of the earth as well as the torsion of the wire 
acts on the suspended magnet, and the action of both poles of 
each magnet must be taken into account. By this investigation 
Coulomb was led to enunciate the law that the force between two 
magnet poles is proportional to the strength of the poles and in- 
versely proportional to the square of the distance between them. It 
may be expressed thus 

mm' 

F ^ K 



Fig. 258. Torsion balance 


where F represents the force, m and m' the strengths of the two 
poles, and r the distance between them; is a constant which 
depends on the units in which the various quantities are meas- 
ured, and, as is now known, on the medium surrounding the 
magnets. The law assumes that the poles m and m' occupy so 
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little space that they may be regarded as points compared with 
the distance r, and when so understood the most refined modern 
measurements only confirm its truth. 

496. Field of Force. The region around a magnet is said 
to be a field of force. An interesting way of examining the field 



Fig. 259. Iron filings near a magnet 


of force near a magnet is as follows. Lay a sheet of glass on the 
magnet and dust over it fine iron filings. On gently tapping the 
plate the filings will gather into lines or filaments as shown in 
the figure. These lines indicate the direction of the magnetic 
force in the field. A minute compass needle placed at any 
point takes the direction of the line at that point. Lines hav- 
ing at every point the direction in which a compass needle would 
stand, if placed there, are called lines of force. Of course an in- 




finite number may be imagined drawn from one pole to the 
other. 

In figures 260 and 261 are shown the lines of force in case of 
two magnets placed near each other. In figure 261 the cor- 
responding poles are near each other and the magnets repel. 
It will be seen that no lines of force pass from one to the other, 
and two neutral points are shown at p and p'. In figure 260 
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the magnets are shown with the north pole of one opposite the 
south pole of the other. The two attract each other in this 
case and lines of force pass directly across from one to the other^ 
leaving a single neutral point at p, 

497. Unit Pole. For the exact study of magnetism it is 
necessary that certain units should be adopted as a basis for 
measurements. 

A unit pole^ or a pole having unit strength, is one which if 
placed one centimeter from an equal pole in vacuum will repel 
it with a force of one dyne. 

It will be observed that this unit is based directly on the 
C. G. S. units of length and force. If these units are employed 
the expression for the force in dynes between two magnetic poles 
of strengths m and m' ^ and r centimeters apart in vacuo, is 

„ mm^ 


For all practical purposes this expression also gives the force 
in air and in all other media that are not distinctly magnetic. 

498. Strength of Field. When a magnet is placed in a mag- 
netic field, due either to the earth or to some other magnet, 
each pole is acted on by a force which depends both on the 
strength of the pole and on the strength of the field in which 
it is placed. 

The strength or intensity of a magnetic field at any point is 
the force in dynes on a unit magnet pole placed at that point. 

Thus the earth field has a strength 0.5 at a point where a 
magnetic pole of unit strength is acted on with a force of 0.5 
dynes. 

When a pole of strength w is at a point where the strength of 
field is it is acted on by a force of Hm dynes. 

In any field of force the two poles of a magnetic needle are 
urged in opposite directions. The direction in which the north, 
pole tends to move is known as the positive direction of the line 
of force at that point. 

499. Magnetic Moment. Suppose that in a magnetic field 
of strength H, a magnetic needle is placed in such a position that 
the line joining its poles makes an angle a with the lines of force 
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of the field. Let m represent the strength, or number of units in 
its north pole, and — m the strength of its south pole. Then the 
north pole is urged with a force Hm in the positive direction of the 
lines of force of the field and the south pole experiences an equal 
force in the opposite direction. These equal and parallel forces 
constitute a couple whose moment is II ml sin 
where I is the distance in centimeters be- 
tween the two poles of the magnet. The 
quantities m and I belong to the magnet and 
their product ml is known as the magnetic 
moment of the magnet, and is reiJresented 
by M. 

Thus the magnetic moment of a magnet may 
be defined as the product of the strength of one 
of its poles by the distance between them. 

The couple which acts on the magnet may 
then be expressed by the formula, 

HM sin a. 

600. Period of Oscillation of a Magnet in a Magnetic Field. 

If a magnetic needle in a field of force is disturbed from its 
position of rest, it will vibrate to and fro just as a pendulum 
oscillates in the field of the earth’s attraction. The period of 
one complete oscillation of a pendulum has been shown to be 

^ « «« 

where I is the moment of inertia of the pendulum and mgh is a 
quantity which when multiplied by the sine of the angle of in- 
clination of the pendulum gives the moment of force which at 
that instant urges it toward its equilibrium position. 

In case of the oscillating needle the mechanical conditions 
involved are the same, except that the couple causing the motion 
is due to magnetism instead of to gravitation. The factor HM 
is the quantity which when multiplied by sin a gives the couple 
acting to turn the magnet; it, therefore, plays the same part in 
this case as the factor mgh in the case of the pendulum. 


a 





Fig. 262 
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Hence the period of oscillation of a magnet in a field where 
the strength is H units is 

where I is the moment of inertia of the magnet and M is its 
magnetic moment. It should be observed that in this case as in 
that of the pendulum the formula gives the period when the arc 
is exceedingly small. With large arcs of vibration the period is 
longer. 

From the above formula it is clear that the stronger the held 
of force at a point where a magnetic needle is placed the more 
rapidly it will oscillate when set in vibration. This is the ex- 
planation of the rapid quivering of a compass needle when 
brought near the pole of a magnet. 

PROBLEMS 

1. A short compass needle is placed near the side of a straight bar magnet 
and equidistant from its poles. In what direction does it point? In what 
direction will it move if floating, and why? 

2. Two bar magnets, exactly alike, are placed in line with each other, 
their north poles toward each other and south poles directed away. What 
is the strength of field at a point midway between the two and the direction 
of the lines of force near that point? 

3. What is the magnetic moment of a bar magnet having poles of strength 
200, and 20 cm\ apart, and what would be the moment of the couple re- 
quired to hold it at right angles to the lines of force in a field of strength 5 in 
C. G. S. units? 

4. What couple would be required to hold a magnet with pole strength 
150, and with 16 cms. between poles, at an angle of 30° with the lines of 
force in a field of strength 2? 

6. Find the ratio of the strengths of field at two places when a certain 
magnetic needle oscillates n times per sec. at one place and n' times per sec. 
at the other. 

501. Strength of Field at a Point Near a Magnet. The direc- 
tion and intensity of the force near a magnet may be calculated 
as follows. Let m and — w be the strengths of the two poles 
of the magnet, and let r be the distance from the point P to the 
north pole of the magnet and let P be its distance from the 
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south pole. Then if a unit pole were at P it would be subject to 

fyi , w . * . 

a force — in the direction a, and to a force 7 - 7 ^ in the direction b. 
r \r ) 

Laying off distances a and h proportional to the amounts of 

these two forces, the resultant force will be represented on 



2 / 


N 


Fig. 263 


Fig. 264 


the same scale by the diagonal of the parallelogram on a and h. 
The resultant is, of course, tangent to the line of force at F, 

It is sometimes desirable to calculate the force due to a magnet 
at a point P in line with the axis of the magnet as shown in figure 
264. Let m be the strength of each of the poles, r the distance 
of P from the center of the magnet, and I the distance of either 
pole from the center of the magnet. Then by Coulomb’s law 
the force on a unit north pole placed at P due to the north pole 

is and is directed toward the right. That due to the 

other pole is ■ 


m 


and is toward the left. The resultant force 


(r + ly 

at P is then toward the right and may be written 

m m 


or 


P = 


P = 


{r - ly {r + ly 


irlm 


2rV + P 

If I is small compared with r the terms involving P and P in 
the denominator may be neglected, as they are insignificant com- 
pared with r*, so approximately 

^ml „ 2M 


F = 


or P 




where M = 2ml, the magnetic moment of the magnet. 
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PROBLEMS 

1. What is the amount and direction of the magnetic force on a unit pole 
placed at a point in line with a bar magnet and 20 cms. away from its N pole, 
if the strength of the magnet's poles is 100, and its length between poles is 
20 cms. ? 

2. The poles of a bar magnet have a strength of 200 units each and are 
20 cms. apart. Find the direction and amount of the force due on unit pole 
to the iV'pole at a point 30 cms. from each pole. Find also the force due on 
unit pole to the S pole at the same point. Find the resultant strength of 
field at the point by the vector diagram. 

3. Find the amount and direction of the magnetic field strength at a 
point 30 cms. distant from each of the poles of a bar magnet, in which the 
poles have strengths + 300 and 300 and are 30 cms. apart. 

4. Find the amount and direction of the force on a unit north pole placed 
in line with the magnet described in problem 3 and 30 cms. distant from its 
north pole. 

6. Find the strength of the magnetic field at a point 5 cms. distant from 
the center of the magnet of problem 3 in a direction at right angles to its 
axis. 

6. Calculate by the method used in § 501 the strength of field at a point 
on a line drawn through the center of the magnet at right angles to its axis. 


TERRESTRIAL MAGNETISM 

602. Declination of the Magnetic Needle. The compass 
needle, mounted so as to rotate in a horizontal plane, does not 
in general point directly north, but a few degrees east or west of 
north, and this deviation is called its declination. In observing 
the declination it will not do to assume that the magnetic axis 
of the needle is in the same direction as its axis of figure. If the 
magnetic axis is as represented by the dotted line in figure 265 
then the apparent declination is in the first case too small. If 
the needle is now turned over and suspended with the opposite 
side upward, it will give too great an apparent declination. The 
mean of the two will be the true declination. This direction is 
called the magnetic meridian. 

503. Dip or Inclination. It was observed by Hartmann 
(1489-1564) that if a needle were balanced before being magnet- 
ized the north end would dip downward after magnetization. 
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The so-called dipping needle was first made by Norman, a London 
instrument maker, who mounted a needle on a horizontal axis so 
that it could swing freely in a vertical circle. The needle was 
then carefully balanced so that it would stand in any position 
before magnetization. But after it was magnetized it was ob- 
served that the north pole pointed downward some 70° below the 


horizontal if the plane in which it 
turned was north and south by the 
compass. 

To diminish friction the cylindrical 




Fig. 265. Declination of compass Fig. 266 . Dipping needle 


pinions on the ends of the axis of the dipping needle usually 
rest on horizontal plates of polished agate, on which they I'oll as 
the needle turns. 

In this case also the needle must be reversed, the side toward 
the east being turned toward the west, to guard against error 
due to the axis of the needle not being in line with the direction 
of its magnetization. To guard against any want of balance in 
the needle, it should be magnetized over again with its poles 
reversed, and the dip again observed. If the needle is well con- 
structed, the mean of these four observations will be the required 
dip or inclination, 

604. Resultant Direction of Magnetic Force. The dipping 
needle gives the direction of the resultant magnetic force at any 
point. It is found that near the equator the needle is horizontal, 
as it is taken north its north pole points downward by an amount 
which increases steadily till at some point northwest of Hudson 
Bay it points vertically downward. That point is called the 
north magnetic pole, and near there a horizontal compass needle 
would have no directive tendency and would be useless. North 
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of that point the north pole of the compass needle would point 
south. 

In vessels that change their latitude greatly the compass 
needle must be provided with a little sliding weight or counter- 
poise to correct its dipping tendency. South of the equator the 
south pole of the needle dips downward. 

Figure 267 shows the probable form of the lines of magnetic 
force around the earth; of course, the direction of these lines of 
force is known only at the earth’s 
surface. The magnetic condi- 
tion of the interior of the earth \ 

is entirely unknown. 

The declination or deviation 
of the resultant force from the 
geographic north direction also 
varies from point to point on 
the earth, at some points being 
east of north and at others west 
of north. This fact was first ob- 
served by Columbus who, as he 
advanced in his voyage, was 
alarmed to see that the compass Fig. 267. Lines of force of the 
no longer pointed as it had done earth 

when he started. 

The chart on the following page shows the declination of the 
magnetic needle throughout the United States in 1925. Isogonal 



lines connect places where the declination is the same. 



Fig. 268 


505. Intensity of the Earth’s Magnetism. The 
magnetic force of the earth at any point may be 
considered as the resultant of two component forces, 
the horizontal component H (Fig. 268), and the 
vertical component V. The horizontal component H 
is the force which is effective in directing the com- 
pass needle. The smaller this component the more 
feebly will the needle be affected. When a needle 


is balanced or suspended in the usual way so as to vibrate in a 


horizontal plane, its period of oscillation depends on this com- 


ponent only. 

As shown in § 500, the intensities at different places may 
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{From U. S. Coast and Geodetic Survey) 
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be compared by causing the same magnet to vibrate first at 
one place and then at the other. The intensities are proportional 
to the squares of the number of vibrations per second. By this 
means the horizontal component of the intensity may be deter- 
mined at any point as compared with that at some standard 
place. 

When the horizontal intensity and the dip are both known, the 
resultant intensity may be found by the relation 



cos a 


when a is the angle of dip. 

The following table shows the value of the horizontal compo- 
nent and total force at certain places. Notice how the hori- 
zontal force becomes less in higher latitudes. The intensity is 
given in C. G. S. units, or the force in dynes upon a unit 
pole. 


STRENGTH OF THE EARTH’S MAGNETIC FIELD 
(DYNES PER UNIT POLE) 


Places 

Dip 

Horizontal 

Intensity 

Resultant 

Intensity 

Central South America 

0° 

0.30 

0.30 

North coast of South America , . 

40 '" 

0.32 

0.42 

Cuba 

50 ° 

0.32 

0.50 

Georgia 

60 ° 

0.26 

0.52 

New York 

70 ° 

0.18 

0.53 


606. Secular Change in the Magnetic Field. One of the most 
remarkable features of the earth’s magnetism is that it is con- 
tinually changing. The declination of the needle is slowly 
changing everywhere; that is, the magnetic poles are slowly 
shifting their positions. At the same time the dip is changing. 
The changes in declination and dip at London are shown by the 
curve in figure 270. The pole of a freely suspended needle 
would at that place apparently move through a complete cycle of 
change in about 470 year's. This slow change is called the 
secular change. 
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507. Diurnal Variations. The careful study of the magnetic 
conditions at any place by self-recording instruments shows that 
there is a periodic change in the magnetic elements depending 
on the time of day. 

The curves of figure 271 show the average variations at Kew, 
near London. It will be observed that the maximum changes 

Declinafton 



Fig. 270. Secular change in dip and declination at London 
(After L. A. Bauer) 

take place in the daytime and may be due to variations in tem- 
perature of the earth’s surface. 

508. Irregular Disturbances. The magnetic needle is also 
often disturbed by what are called magnetic storms; these dis- 


A/^ Noon PM 



Fig. 271. Diurnal changes in dip, declination and intensity at Kew 

turbances usually accompany any marked display of the aurora 
horealisy and they also seem to be more prevalent at times of 
sunspot maxima. 

509. The Earth a Magnet. It was suggested by Dr. William 
Gilbert (1600), physician in the court of Queen Elizabeth and 
the first to take up the scientific study of magnetism, that the 
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earth itself was probably a great magnet^ and later observations 
have borne out this idea. Two well-marked magnetic poles 
being found, one northwest of Hudson Bay in North America 
and the other south of Australia. 

But while there is this general resemblance to a simple magnet, 
the direction of the magnetic force varies from place to place in 
a way that cannot be wholly accounted for by the supposition 
of simply two poles. 

The magnetism of the earth seems to be due to a variety of 
causes, the presence in the earth of magnetic masses is a cause 
of local variations and may have great influence in the surface 
layer of the earth, but it seems probable that the temperature 
in the interior of the earth is too high for it to possess any very 
strong magnetism. Electric currents flowing in the surface of 
the earth and due to its varying temperature as first one side and 
then another is exposed to the sun, as well as currents of elec- 
tricity in the upper air, probably play an important part in 
determining its magnetic state. But the complete explanation 
has not yet been given, and any theory to be satisfactory must 
account for the remarkable secular changes in its magnetism 
which go on slowly and progressively year after year. 

510. Gauss’ Method of Measuring the Horizontal Intensity. The 
horizontal component of the earth’s magnetic force may be measured by 
the following method due to Gauss. A small steel bar magnet is suspended 
horizontally by a fine fiber in a closed box by which it is protected from air 
currents. It is then set oscillating through a small arc and the period of 
oscillation carefully determined. This period depends on M the magnetic 
moment of the magnet and on H the horizontal component of the earth’s 
magnetic force. By § 500 


where I is the moment of inertia of the magnet, a quantity that is deter- 
mined by its mass, size, and shape, and T is the period of a complete oscil- 
lation. The product BM is thus found. 

To determine the relation oi H to M z. second experiment is necessary. 

Suppose P is the point where the magnetic force H is to be determined 
and where the period of oscillation of the magnet NS was observed in the 
first experiment. Place at P a very short magnetic needle, while the magnet 
NS is placed exactly east or west of P and with its axis on the east and west 
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line, as shown in figure 272. If r is the distance from the center of NS to P, 
then the force at P due to the magnet is, as shown in § 501, 

Then at P the force E due to the earth and the force F due to the magnet 
are at right angles to each other, as shown by the arrows in the ligure. The 



Fig. 272 


needle at P will take the direction of the resultant force 11 and will therefore 
be deflected through the angle a, but 


whence 


tan ^ ^ 

H ^ 2 

M tan a 


2M 

~rm 


This expression shows that to determine the ratio of E to M it is only 
necessary to measure the distance r and the angle of dcdcction a. 

Having by the first experiment determined the product II M and by the 
E 

second the ratio — ? it only remains to multiply the two together to find 
/P and so determine E. 


Unit Tubes of Force 

611. Number of Lines of Force. Up to this point lines of 
force have been regarded as simply expressing the direction of 
the force in the magnetic field. We must now follow Faraday 
in a very remarkable development of the idea. 

In a stream of water flowing steadily lines may be imagined 
drawn which at every point are in the direction of flow, and 
which may be called stream lines. An infinite number of such 
lines may be drawn. The whole stream may then be conceived 
to be divided up into tubes of flow by means of surfaces which 
everywhere coincide with stream lines. These tubes of flow 
may be taken of such a size that each will transmit the same 
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quantity of water per second, say one cubic foot. Then, where 
the stream is most rapid, the cross sections of the tubes of flow 
will be smallest and they will widen out as the velocity dimin- 
ishes. The whole number of such tubes in the stream will be 
equal to the number of cubic feet of water transmitted per sec- 
ond. These tubes of flow may be called unit tubes, and the num- 
ber of them crossing perpendicularly a surface 1 sq. ft. in area 
is equal to the number of cubic feet of water crossing that area 
per second. , Thus the number of unit tubes passing perpen- 
dicularly through a unit surface at any point in the stream is 
equal to the velocity at that point. 

Now in the same way the magnetic field may be conceived 
as divided up into unit tubes by means of surfaces parallel to 
the lines of force. And it may 
be proved that where such a xmit 
tube is smaller the field is more 
intense, and where it widens out 
the strength of field is less, just as 
the velocity varies in case of the 
stream of water. So that it is 
possible to take these tubes of such 
a size that the number passing per- -pm' 273 

pendicularly through a square cen- 
timeter of surface at any point may be equal to the strength of the 
magnetic field at that point. 

We may imagine that each unit tube is represented by a line 
of force drawn through its center or axis, and when the phrase 
number of lines of force is used it refers to such lines. 

Using the term in this way, it is clear that in the case shown in 
figure 273 more lines of force pass through a card in position C 
than in position A, as the force is greater at C than at A, and con- 
sequently there are more lines of force to the square centimeter. 
Clearly, also, fewer lines of force pass through the card in position 
B than in A and most of all in position D. If the card were placed 
parallel to the lines of force none at all would pass through it. 

The number of lines of force through A is found by taking the 
average strength of the field at the surface A and multiplying this 
by the area of A in square centimeters, since the number of lines 
per square centimeter is equal to the strength of the field at that 
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point. If the surface is oblique to the lines of force as at B, the 
number of lines of force passing through it will be found by mul- 
tiplying the number in the perpendicular position A by the cosinG 
of the angle a, or, what comes to the same thing, multiply the 
average strength of the field at the surface B by the projection of 
that surface on a plane at right angles to the lines of force. 


PROBLEMS 

1. How many lines of force pass through a square meter of noor area 
where the total strength of the earth’s magnetic field is 0.6 and the lines of 
force are inclined 60° from the horizontal? 

2. How many lines of force in this case would pass through an area of 
1 square meter on an east and west wall, and how many in case the wall 
ran north and south? 

3 . How many lines of force pass through an area of 4 sq. cms. placed as 
at A in figure 273, with its center 12 cms. from each pole of a magnet 20 cms. 
long between poles, strength of poles being 288? 

4 . How many lines of force pass through a circle 1 cm. in diameter 
placed 8 cms. from the north pole of a bar magnet 16 cms. long, which points 
directly at it and has poles of strength 200? The plane of the circle is 
perpendicular to the axis of the magnet. 

512. Lines of Force Inside a Magnet. The lines of force of 
a magnet are not to be supposed as only outside of it. If we 



imagine a minute magnetic needle placed in a crack extending 
across the magnet it will be acted on most powerfully by the poles 
N'S' on each side of the crack, but it will also be affected by the 
attraction of the end poles N and S of the magnet. In conse- 
quence of the superior influence of the poles S' ^ it will set its 
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north pole toward the left or S\ If we now imagine the cleft 
shifted along toward the north end of the magnet^ the force inside 
the cleft will become less because it will be nearer to N, which 
pole tends to make the needle point in the opposite direction. 
But still the needle will point from right to left. When the cleft 
comes infinitely near to the end N, the magnetism of N and of S\ 
which form two opposite and equally magnetized layers, will 
neutralize each other so that the effect is the same as though the 
needle were just outside the magnet at N. We see in this way 
that the force in the cleft is absolutely continuous with that out- 
side of the magnet: there is no abrupt change in passing through 
the surface. The force in such a cleft is called the magnetic in- 
duction and the lines of force outside of a magnet form continuous 
closed curves with the lines of induction inside of the magnet. 
The lines of force outside are also called lines of induction, 
as there is no distinction between the two except inside of a 
magnetic medium. What is called the positive direction of these 
lines is from the north to the south pole outside of the magnet. 
Of course as many lines of force as emerge from the north pole 
enter at the south pole, and all the lines of force or induction in 
the magnet pass through its middle section. Looked at in this 
way, the poles are seen to be simply those regions where the lines 
leave or enter the magnet^ and the most intensely magnetized por- 
tion of the magnet is the center where the lines of induction are 
closest together. If a little block could be cut from the cen- 
ter of the magnet without disturbing its magnetism, it would 
bfe found a more powerful magnet than a similar block cut 
from any .other part where the lines of induction are not so close. 

Waiining: In using the words entering and emerging with reference to 
lines of force nothing like flow or motion must be supposed; when what we 
arbitrarily call the positive direction of the line of force is toward a surface, 
it is spoken of as entering it; and when that direction is away from a surface 
the line of force may be said to leave the surface or emerge from it. 

513. Influence of the Shape of a Magnet on Its Power and 
Retentiveness. A short thick bar of steel is more difficult to 
magnetize strongly than a long thin one and loses its magnet- 
ism more easily. A thick magnet may be thought of as made up 
of a bundle of thin ones of the same length. But it is clear that 
in such a bundle each little magnet would tend to set up lines of 
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force down through its neighbor in such direction as to oppose oi 
weaken the other’s magnetism. 

Thus there is a demagnetizing tendency zvhich is greatest in a 
short thick magnet. Horseshoe magnets are long and have their 
poles close together and consequently there is very little demag- 
netizing tendency. There is, however, a tendency for the lines 
of force in this case to pass across on the inside of 
the poles instead of out at the ends. A soft-iron 
block placed across the poles, and called an 
armature or keeper, provides an easy path for 
the lines of force from one end around to the 
other and thus tends to keep the poles near the 
ends. 

614. Ring Magnet. A uniform ring of iron or 
steel may be magnetized by means of an electric current so that 
the lines of force are circles entirely within the substance of the 
ring. In such a case the magnet has no poles as there are no 
places where the lines of force enter or leave the ring. Such a 
magnet has no external field of force and would not act on a 
magnetic needle placed near it, and yet it is magnetized, as will 
be evident if it is broken, for in that case each half will show two 
poles. 



Magnetic Induction 

616. Induction Studied by Iron Filings. If the lines of force 
of a horseshoe magnet are examined by means of iron filings on a 
plate of glass, as described in § 496, and if a bar of soft iron is then 
placed a short distance in front of the poles of the magnet and the 
field again examined in the same way, a notable change will be 
observed. The lines of force are bent toward the two ends of the 
soft-iron bar as though they could be established in the iron more 
easily than in the surrounding medium. And the softer the iron 
and the more easily it is magnetized, the greater the number of 
lines of force that will pass through it rather than the more re- 
sisting medium around it. Thus the presence of the iron makes 
the field of force weaker beyond it, and the nearer the iron bar is 
to the poles of the magnet the more lines of force will be drawn 
into it and the fewer there will be in other parts of the field. 

616. Permeability. The ratio of the number of lines of force 
established in any medium to those established in a vacuum by the 
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same magnetizing force has been called by Lord Kelvin the per- 
meability of the medium P" From a physical point of view, per- 
meability of a medium may be thought of as the ease with which 
the lines of force are established in that medium as compared 
with a vacuum. Thus iron has a permeability several hundred 
times greater than air. Most other substances have a per- 
meability which is sensibly the same as air or vacuum, and, there- 
fore, the magnetic field is practically the same in wood, glass, or 
water as in air. . 

A hydraulic analogy may aid in forming a clear conception of 
this subject. Imagine a stream of water continually flowing out 
of the north of the horseshoe magnet (Fig. 276) and entering its 
south pole. Suppose the medium 
surrounding the magnet was of a uni- 
form porous nature that opposed 
considerable resistance to the flow 
from N to 5. The lines along which 
the flow would take place would be 
like the lines of force in the field be- 
fore the soft iron was introduced. 

Imagine a cavity to be made in the 
porous medium having just the size 
and position of the soft-iron bar. Lines of flow now would tend 
toward this cavity through which the liquid would flow freely and 
a correspondingly smaller flow would take place in other regions. 

The lines of flow in this case correspond to the lines of force 
when the soft-iron bar with its great permeability is in the field. 

517. Magnets Formed by Induction. When a soft-iron bar 
is placed in front of a magnet as shown in figure 276, at the end 
nearest the north pole of the magnet the lines of force are directed 
toward the end of the bar as toward the south pole of a magnet 
and at the other end they are directed away from the bar as from 
a north pole. The bar of iron thus becomes a magnet by induction. 
If it were of steel it would retain some of this magnetism when 
taken out of the field. 

Suppose a long bar of soft iron to be placed in a magnetic field 

The meaning of this can be better understood by imagining a narrow axial 
cleft perpendicular to that sho.wn in the magnet of figure 274. The lines of induction 
must all cross the transverse cleft, but they will avoid the axial cleft as much as 
possible and follow the iron path instead. Permeability is measured by the ratio of 
the field intensity in the transverse cleft to that in the axial cleft. 
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parallel to the direction of the lines of force. The result will be 
as shown in figure 277, lines of force will be drawn into the bar 
in consequence of its great permeability entering it at one end and 
leaving it at the other, so that one end becomes a south pole and 
one a north pole. On each side of the bar the field is weakened. 

When, however, the bar is placed across the field of force as in 
figure 278 it will have only a very slight effect on the field of force 
since the lines of force can pass through only a small thickness of 
iron. So also a thin flat sheet of iron placed perpendicular to the 



Fig. 277. Bar of soft iron parallel Fig. 278. Bar of soft iron 
with lines of force of field across the lines of force 

lines of force of the field would have practically no effect on the 
field. 

618. Effect of Heat and Jarring in Case of Magnetizing by 
Induction. The magnetism induced in an iron or steel Ijar 
placed in a magnetic field parallel to the lines of force may be 
increased by striking the bar with a hammer or jarring it while 
under the influence of the field, also by heating the bar red-hot 
and allowing it to cool in the magnetic field, ddiese clisturliances 
seem to facilitate the arrangement of the molecules under the in- 
fluence of the magnetic force and help to overcome the resistance 
to magnetization which especially characterizes hard steel. 

619. Magnetic Induction in the Earth’s Field. If a bar of 
soft iron having no permanent magnetism is placed in the earth’s 
field parallel to the lines of force, that is, in the direction of the 
dipping needle, its lower end in north latitudes will become a 
north pole and its upper end a south pole, as may be shown by a 
magnetic needle. If jarred by the blow of a hammer while in this 
position it will be found permanently magnetized. If, however, 
it is placed at right angles to the lines of. force of the earth it is 
scarcely magnetized at all (§ 517). 
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In consequence of induction iron ships are magnetized by the 
earth differently when pointing in different directions. 

In such vessels the standard compass is usually compensated by 
having soft-iron bars so placed near it that the magnetism in- 
duced in them will in every position just balance that induced in 
the ship, while permanent steel magnets may be used to compen- 
sate the permanent magnetism of the ship. 

520. Hysteresis. When the magnetic field in which a mass 
of iron is placed is varied in strength, the changes in the magnet- 
ism of the iron lag behind the changes in the held. This is known 
as hysteresis and is discussed in connection with the magnetiza- 
tion of iron by electric currents, § 692. 

Permeability, Diamagnetism, and Ineluence of Medium 

521. Magnetic Substances Attracted. When a fragment of 
iron is placed in a magnetic field it experiences a force in that 
direction in which the strength of the field increases most rapidly. 
If at (Fig, 279), it is drawn directly 
toward the magnet in the direction of 
the lines of force. If at jB, it is drawn 
toward the magnet at right angles to 
the lines of force. If at C, it will be 
drawn in a direction oblique to the line 
of force somewhat as shown. If it is in a uniform field, as in the 
earth’s magnetic field, or is at a point in a magnetic field where 
the force is a maximum or a minimum, it will be in equilibrium 
and have no tendency to move in any direction. Such a point 
of equilibrium would be found midway between two equal poles 
either like or unlike. 

If the fragment is long in shape it will turn and point in the 
direction of the line of force, but it will not always tend to move 
along that line. 

Any substance whose permeability is greater than vacuum will 
act in this way in a vacuum and such are known as paramagnetic 
or simply magnetic substances. 

522. Diamagnetic Substances. Faraday (1845) experimented 
on the behavior of a great variety of substances in the intense 
field between the poles of a powerful electromagnet, A little 



Fig. 279 
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oblong of pure copper when suspended by a fine fiber in this 
field was found to set itself at right angles to the lines of force, 
as shown in figure 280. So also fragments of wood, paper, 
aluminum, bismuth, glass, and many other substances. These 
substances Faraday called diamagnetic. Substances like nickel, 
cobalt, and manganese which behave like iron, setting them- 
selves in the direction of the lines of force, 
""N he called paramagnetic or magnetic. 

Diamagnetic substances when placed in 
^ magnetic field are driven from a stronger 
yvQ Hs field toward a weaker, the force acting on 

a fragment of such a substance being in the 

direction in ivhich the strength of the field 
diminishes most rapidly. This may be well 
shown in the following way. A ball of bis- 
Fig. 280. Bismuth m which is the most strongly diamag- 

magne ic e netic substance known, is suspended be- 

tween the poles of a powerful electromagnet, being hung from 
one end of a light arm of wood which is itself supported in 
horizontal position by a delicate bifilar suspension, so that the 
slightest force will cause the arm to swing around carrying the 
ball out of the magnetic field. If while the ball hangs between 
the two poles the current is applied to the electromagnet, the 
bismuth ball will at once be driven aside out of the intense field. 

The setting of the diamagnetic bars across the lines of force 
described at the beginning of this section finds its ex])lanalion in 
the preceding experiment; for the field of force between the 
magnet poles is most intense next the poles as is shown by the 
crowding together of the lines of force, and so the ends of the bar 
are in a much less intense field when the bar stands across the 
lines of force than if it were to be directed along them; it therefore 
assumes the former position. 

623. Influence of the Medium. By the following interesting 
experiment Faraday showed that the medium surrounding a 
body in a magnetic field plays an important part in determining 
the magnetic force upon it. 

When a thin- walled glass capsule, long in shape, is filled with a 
weak solution of ferric chloride and suspended between the poles 
of a magnet, it sets itself along the lines of force showing that 
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the ferric chloride is magnetic. This happens whether the cap- 
sule is hung in air or water. If, however, it is surrounded by 
a solution of ferric chloride stronger than that within the cap- 
sule it will act as if diamagnetic, placing its length across the 
lines of force. 

524. Permeability of Magnetic and Diamagnetic Substances. 
When the permeability of a substance is greater than that of 
the surrounding medium, the lines of force are drawn in toward 
the substance, as already discussed in § 517 and as shown in figure 
281 which represents the disturbing effect of a ball of substance 
whose permeability is greater than that of the medium around it. 

If, however, the permeability of the ball is less than that of 
the medium, the lines of force will be spread, as shown in figure 
282. A magnetic needle placed near the ball will point aside 
instead of toward it. 

In the first case if the ball is in a field that is not uniform, as 
near the pole of a magnet, it will be attracted or drawn toward 
the stronger field. If, however, the ball has a permeability less 
than the surrounding medium, it will be driven away from the 
pole toward a weaker field. 

Magnetic or paramagnetic substances may then be defined as 
those whose permeability is greater than that of vacuum, while 
those whose permeability is less than vacuum are diamagnetic. 


Fig. 281. Permeability of ball Fig. 282. Permeability of ball 
greater than that of medium less than that of medium 

625. Magnetism of Gases. Faraday also studied the mag- 
netic qualities of different gases. Oxygen gas was found to be at- 
tracted toward the poles, while hydrogen was repelled. Oxygen 
was thus shown to be more permeable than air. Later experi- 
ments have shown liquid oxygen to be decidedly magnetic. 

526. Magnetic Alloy. In 1903 Heusler made the very inter- 
esting discovery that an alloy of 25 parts manganese, 14 alumi- 
num, and 61 copper, had decided magnetic properties, although 
none of the substances of which it is made is magnetic except 
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in the very slightest degree. It seems to indicate that magnetism 
depends upon molecular rather than atomic structure. The 
permeability of this alloy has been found to be nearly 33. 

527. Effects of Heat on the Magnetism of Metals and Mag- 
nets. The permeability of iron and nickel diminishes as the 
temperature rises. At 737*^ C. iron ceases to be magnetic. A 
small piece of iron heated to a bright red heat is not attracted 
even by a powerful magnet, but as it cools to 700° it again be- 
comes strongly magnetic. A steel magnet when heated to bright 
red heat loses all trace of magnetism, and if cooled while away 
from magnetic influence will be found completely demagnetized. 

Even when a magnet is slightly heated, say to 100° C., it is 
not as strong as at lower temperatures. 

628. Ferromagnetism. Nearly all of the elements arc diamag- 
netic or paramagnetic to a slight degree. Iron, cobalt and nickel, 
however, stand entirely by themselves because they are many 
times more magnetic than any of the other elements. These 
three elements, which are closely associated in the periodic table 
of elements, are called the ferromagnetic elements. 

Magnetism is undoubtedly a property of the atoms themselves. 
It will be seen later that an electric current ilowing in a coil makes 
the coil a magnet (§ 688), with a north pole at one end and a 
south pole at the other, determined by the direction of flow of the 
electric current- The atoms with their revolving electrons (§ 801) 
should therefore be minute magnets, but in ordinary substances 
these magnets are pointing in random directions as shown in 
figure 254, so that no magnetism is exhibited. When a magnetic 
field is applied, the motions of the electrons arc slightly changed, 
so that in some cases the substance becomes slightly paramagnetic 
and in others it becomes diamagnetic depending upon the electron 
arrangement in the atom itself. 

In ferromagnetism the case is different. Here, the applica- 
tion of the magnetic field causes an effect as though the entire 
atoms were rotated and all made to point in one direction as 
shown in figure 255 so that all of these minute magnets act to- 

* Recently an alloy of 78 parts nickel and 22 parts iron called permalloy has beem 
developed by the Western Electric Co., which has a high permeability in weak 
fields, so that even the earth’s magnetic field may produce in it a high degree 
of magnetism. 
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gether and build up a very intense magnetization. Permalloy 
(§ 526) is the most perfect example of a ferromagnetic substance 
known. Hysteresis (§ 692) is a characteristic of ferromagnetism. 
Permalloy exhibits far the smallest hysteresis of any known 
ferromagnetic substance. All ferromagnetic substances are para- 
magnetic. 

529. Force with which a Magnet Attracts its Armature. 
The force with which a magnet attracts its armature evidently 
depends on the fact that the permeability of the armature is 
greater than that of the surrounding medium. If there were no 
di^erence between them there would he no change in the lines of force 
on withdrawing the armature and consequently no attractive force. 

When the armature is of such a size that most of the lines 
of force from one pole to the other pass through it, the force of 
attraction is given very nearly by the formula 



where A is the combined area of the two poles and B is the 
induction or the number of lines of force that pass from a pole 
into the armature across a square centimeter of surface. If 
these quantities are taken in C. G. S. units, the attractive force 
P will be found in dynes. 

PROBLEMS 

1. Find the force 5 cms. away from a pole of strength w, the other pole 
being so far away in comparison that it may be disregarded. How many 
lines of force go through the sphere of 5-cm. radius surrounding the pole m? 

2. If a magnet having poles of strength 300, and 30 cms. apart is mounted 
on a pivot in a uniform magnetic field of strength 0.2, how much force, 
applied 10 cms. from the pivot, will be required to hol4 it at right angles 
to the lines of force of the field? 

3. What is the magnetic moment of the magnet in problem 2? What 
torque is required to hold it at an angle of 45° to the lines of force of the 
earth field of strength 0.2? 

4. Where the total intensity of the earth’s magnetic field is 0.6 and the 
dip 70°, how many lines of force pass through a circular hoop 50 cms. in 
diameter lying horizontally on the floor? How many if the plane of the 
hoop is vertical facing north and south? 

6. If a compass needle oscillates 2 times per sec. when 15 cms. distant 
from the pole of a long magnet, how fast will it vibrate when 8 cms. from 
the pole, neglecting the influence of the other pole? 
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630. Electrification. If a hard-rubber rod is rubbed with 
fur or flannel it will attract light fragments of pith, paper, or 
gold leaf. A light ball of pith suspended by a thread, as shown 
in figure 283, is strongly attracted. A rod of sealing wax, or 
sulphur, or indeed of dry wood, will show the same power. In 
cold dry weather if a piece of paper is laid on a table and rubbed 

with flannel, it will be found to cling 
to the table and a slight crackling may 
perhaps be heard as it is pulled away; 
and if in this condition it is held near 
the wall it will be drawn toward it and 
n cling to it. The shavings which come 

\\ from a carpenter’s plane in winter when 

\\ the air is very dry will often behave in 

\\ the same way. In all of these cases the 

\\ substances are said to be dccirijicd, a 
term which comes from electron, the 
Ti, I Greek word for amber, a substance 
which was known to the ancients to 
possess this power. 

About the year 1600, Dr. Gilbert, 
who was also a pioneer in the study of magnetism, found that 
a very large number of substances could be electrified by rubbing, 
though with metals he could get no results. He accordingly 
classified substances as electrics and non-electrics, according as 
they could, or could not, be electrified by rubbing. 

631. Conductors and Non-conductors. In 1729 Stephen Gray 
discovered that the electrification of a glass rod would leak off 
from it and could be communicated to a ball through a damp 
cord. His experiments showed that electrification could be 
communicated through certain bodies which he called conduc- 
tors while it could not be communicated through others which 
were named non-conductors. 

366 
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Metals were found to be the best conductors, wood and damp 
cord were fairly good, while glass, sulphur, and resin were 
non-conductors. 

Gray then showed that the substances which Gilbert had 
classed as non-electrics were conductors, and if they were 
insulated or mounted on non-conducting supports they could be 
electrified as other substances can. The old distinction of elec- 
trics and non-electrics was therefore abandoned, and substances 
were classified as conductors and non-conductors or insulators. 

The insulating power of bodies may be compared by the 
time required for a given amount of electrification to leak 
through similar rods of the different substances. 

In the following table bodies are classified according to their 
resistances or insulating powers. 


Insulators 
Amber 
Sulphur 
Fused quartz 
Glass 

Hard rubber 
Air and gases 


Poor Conductors 
Dry wood 
Paper 
Alcohol 
Turpentine 
Distilled water 


Good Conductors 
Metals 

Gas carbon and graphite 
Aqueous solutions of salts 
and acids 


632. Electricity. Take two metal pails, each mounted on an 
insulating support (Fig. 284), electrify one of them and then 
connect the two by a con- 


</ 
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wire. Both will show electri- 
fication when tested by the 
suspended pith ball, though 
the electrification of the one 
first charged will be less than 
before the two were connected. 

(The connecting conductor 2 g 4 

must be supported on glass 

rods or from loops of silk thread or otherwise insulated when 
placed on the pails.) 

If the pails are connected by a metallic wire the redistribution 
of the electrification is instantaneous; if by a rod of wood or by 
a cord a perceptible time is required. 

The communication of electrification from one body to another, 
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one always losing as the other gains, suggests a transfer of some- 
thing of which electrification is the external evidence, lliis some- 
thing is called electricity^ and when electrijlcation is conmmnicated 
from one body to another there is said to he a Jloiv of electricity. 

533. Two Kinds of Electrification. Rub a rod of hard rubber 
or sealing wax with fur, and when strongly electrified present 

it to a suspended pith ball. The ball 
will be attracted at iirst, but if allowed 
to touch the electrified rod it may cling 
for a moment and then spring away, 
strongly repelled. 

If a rod of glass, electrified by rubbing 
with silk, is now brought near the pith 
ball, it will fly to the glass, but after 
contact it will be repelled as it had 
been from the rubber rod. 

While repelled by the glass it will be 
attracted by the electrified rubber, and 
vice versa. It is dear that the electrical states of the glass and 
rubber are different. 

This discovery was made by Du Fay, a French investigator, in 
1733. He found that all electrified substances behave either like 
glass or rubber, and the two kinds of electrification were accord- 
ingly called vitreous and resinous. Franklin named the electrical 
state of the glass positive and that of the rubber ncgativcy and 
these names have been universally adopted. 

634, Similarly Electrified Bodies Repel. Two strips of hard 
rubber electrified by fur and suspended near together repel 
each other. Two strips of paper if drawn through a fold of 
flannel in dry cold weather, or even when drawn between the 
fingers, will repel each other and stand apart. On the other 
hand, a strip of rubber negatively electrified by fur is attracted 
by a rod of positively electrified glass. 

Similarly electrified bodies repel y while oppositely electrified 
bodies attract each other. 

536. Electron Theory. The phenomena of electrification 
which have been just described are simply and satisfactorily ex- 
plained on the basis of the electron theory. According to this 
theory the atoms of all matter (§ 797) consist of central positively 
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charged nuclei surrounded by negatively charged particles called 
electrons. In the neutral state, when no electrification is present, 
the negative charges of the electrons which surround the atoms 
are sufficient to neutralize the positive charges of the atomic 
nuclei. Although the electrons individually repel each other, 
the positive charges of the nuclei are sufficient to hold them in 
their proper places in the atom. Certain of the outer electrons of 
the atoms are not very strongly held, however, and are easily 
displaced or removed. These external electrons are often called 
the valence electrons because they determine the chemical valence 
of an atom. When a body is positively charged it has lost some 
of its negative electrons. When it is negatively charged it has an 
excess of electrons chnging to it. Thus when the rod of hard 
rubber is rubbed with fur as described in § 530 a certain number 
of valence electrons are transferred from the fur and to the rod 
making the latter negative and leaving the fur positively charged. 
On the other hand in the case of the glass rod, electrons are re- 
moved from it and cling to the fur making it negative and leaving 
the glass positive. 

536. Electric Series. In every case of electrification hy friction 
the substances rubbed together become oppositely electrified^ because 
electrons are taken from one and added to the other. 

When glass is rubbed with silk the glass becomes positively 
charged and the silk negatively, but when hard rubber is rubbed 
with silk the rubber becomes negative and the silk positive. 
The silk thus becomes negative in one case and positive in the 
other. And, in general, any substance may become either positive or 
negative^ depending on what it is rubbed with. It is possible to 
arrange substances in a series such as the following in which 
any substance is more positive than those below it in the list, 
but is negative to those that precede it. 

Glass (surface rubbed clean and polished). 

Fur. 

Flannel. 

Glass (passed through a Bunsen flame). 

Silk. 

^ Wood. 

Sealing wax. 

Hard rubber. 

Sulphur. 



370 


ELECTROSTATICS 


537 . Gold-leaf Electroscope. An instrument, such as the 
suspended pith ball, used to detect electrification is called an 
electroscope. A much more sensitive electroscope is that shown 
in figure 286. 

Two strips of thin gold leaf about ^ in. wide and 3 in. long 
are attached to the end of an insulated brass rod so that they 
hang side by side in a glass jar which screens them 
from air currents. The brass rod passes through the 
insulating stopper of the jar, and terminates above 
in a plate or knob. 

Two strips of tinfoil aa on the inside of the jar are 
in metallic connection with a metal base or tinfoil 
coating over the outside of the bottom. 

If a charge is given to the upper plate of the 
Fig 286 electroscope it at once distributes itself by conduction 
over the rod and gold leaves, causing the latter to 
repel each other and diverge as shown in the figure. If the 
charge should be too great the leaves will diverge enough to 
touch the side strips a through which the whole charge will 
escape. 

538 . Conduction. When electricity is conducted through 
a body the outer loosely held electrons of the atoms are passed on 
from atom to atom in a continuous stream. At the same time the 
conductor may remain electrically neutral because as soon as an 
atom passes an electron to its neighbor on one side it receives a 
new one from its neighbor on the other side. Electric currents 
are thus made up of negative electricity. Undoubtedly, had the 
pioneer investigators appreciated this fact, an electric current 
would have been considered as flowing in the direction of electron 
motion and not in the opposite direction as it is according to the 
present convention. For purposes of analysis it makes no dif- 
ference which way the current is thought of as flowing. It should 
be kept in mind, however, that the positive direction of flow of 
electricity, as ordinarily understood, is opposite to the actual 
electron motion. 

A conductor is a material which easily passes its electrons from 
atom to atom in this way. 

A non-conductor or insulator is a material in which the elec- 
trons are not readily passed from atom to atom in a continuous 
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stream, although, through applied friction, valence electrons may 
be removed easily or extra ones may become attached, as de- 
scribed in § 535. 


Law of Force and Distribution of Charge 

539. Coulomb’s Law. The French physicist, Coulomb (1784), 
investigated the law of force between two electrified bodies 
using a torsion wire balance, illustrated in figure 287. By 
means of a very fine wire a light hori- 
zontal bar of shellac, glass, or other in- 
sulating material is suspended inside of 
a glass jar by which it is screened from 
air currents. On the end of the sus- 
pended bar is a light pith ball n which 
is covered with gold foil. A metal ball 
m mounted on the end of an insulating 
glass rod can be introduced into the glass 
jar through a hole in the cover. 

To use the instrument remove the ball m and 
by means of the graduated head from which the 
wire is suspended turn the wire until the ball n 
hangs exactly in the place of m. Now give a 
charge to m and introduce it into the jar. At 
first n is attracted and touches m, the charge 
then divides between the two since both balls 
are conductors, and immediately n is repelled 
to such a distance that the twist in the wire 
balances the force of repulsion. The distance 
between the balls is observed and also the 
number of degrees through which the wire is twisted as read on scale C in 
the case. 

Now increase the twist in the wire by means of the graduated head, thus 
forcing n toward m. It will be found that when the two are at one-half the 
first distance the force of repulsion as measured by the twist in the wire is 
four times as great. 

To study the effect of changing the quantity of charge, a second insulated 
brass ball is taken of the same size as m and mounted on a glass rod in the 
same way. The ball m with its charge is now withdrawn from the jar and 
touched to the other similar ball which has no charge. Immediately the 
charge divides equally between the two (since they are alike) and m now 
has only half the charge which it had at first. If it is carefully introduced 



Fig. 287. Coulomb’s 
balance 
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without permitting it to touch n, the charge on the latter will not be changed, 
and if the force is observed when the balls are the same distance apart as 
in the first experiment it will be found that the force is only one-half as 
great. 

From many such experiments Coulomb concluded that the 
force between two given charged bodies^ provided they are small 
compared with the distance between them, is inversely proportional 
to the square of the distance and directly proportional to the amounts 
of their charges. 

This law may be expressed algebraically thus : 



where F represents the force, iiC is a constant, and r is the distance 
between the centers of the two bodies whose charges are repre- 
sented by q and q' . 

The constant K depends on the units that may be usedj and also, 
as was shown by Faraday, on the medium between the two charged 
bodies. 

540. Unit Charge. Unit charge or unit quantity of electricity, 
in the electrostatic system of units, is defined as that quantity 
which when placed one centimeter from an equal charge in vacuum 
repels it with a force of one dynef^ 

The force in dynes between two electric charges in vacuum 
may therefore be expressed by the formula 



where the quantities q and f are measured in electrostatic 
units and where r is the distance between the charges, measured 
in centimeters. 

When the charges are in any other medium the force is usually 
less and the formula is * 

Kr^ 

* The number of electrons in unit charge equals 2.1 x 10® or over two thousand 
millions. 
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where iT is a constant usually greater than one, known as the 
specific inductive capacity or dielectric constant of the medium. 

The force between two charges in air is appreciably the same 
as in vacuum, for the specific inductive capacity of air is greater 
than that of vacuum by only about one part in 2000. 

541. Distribution. The distribution of an electric charge 
may be examined by means of a little metal disc mounted 
on an insulating handle and known as a proof plane. If the 
disc is placed fiat against the surface of the charged and insulated 
pail shown in figure 288 and then removed, it will carry away 
a charge which may be tested by the gold-leaf electroscope. 
When examined in this way it is found that the greatest charge 



Fig. 288. Distribution 
on pail 


Fig. 289. Density of distribution indicated 
roughly by dotted line 


is obtained from the outer surface of the pail near its upper 
edge and on the outer corner at the bottom, less is found on the 
middle of the side and none at all in the interior except near the 
upper edge. 

When there is a metal cover on the pail, absolutely no charge 
can be found on any part of the interior. 

Other irregular bodies may be examined in the same way 
and it will be found that the greatest density of charge is at 
corners and knobs projecting outward. For example, in a con- 
ductor shaped as in figure 289 the greatest density will be found 
on the projecting point on the left, no charge will be obtained in 
the cavity even though there is a sharp point there, and very 
little will be found toward the bottom of the dimple on the right 
end. 
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542. Charge Entirely on the Surface of a Conductor. The 
following experiment was carried out independently by Cavendish 
and Biot. 

A metal ball having two closely fitting hemispherical metal 
cups which were provided with insulating handles, was insulated 
and then charged strongly with electricity. When the cups ivere 
simultaneously removed they were found to have the entire charge^ 



the hall being left without any trace of electrification, showing that 
the whole charge was on the surface, 

543. Discharge from Points. The density of charge on 
sharp projecting points is much greater (§ 541) than it is on 
other parts of a conductor. When this density exceeds certain 
limits the air in the neighborhood is made slightly conducting by a 
collision process described in § 769. Some of the molecules of the 
gas become positively charged and others negatively. Those 
having a charge opposite to that on the point are attracted to it 
and gradually discharge it while those having a charge of the 
same kind as the point are repelled and carry away as much 
charge as the point has lost. The repelled charged molecules, by 
collision with the neutral molecules of the air, cause a stream of 
air to flow from the point, which is called the ^'electric wind.’^ 
If the point is connected to an electric machine this wind may be 
strong enough to blow out a candle placed near the point or 
turn a little wheel having light vanes. If the point from which 
the discharge takes place be movable, it will be driven backward 
by the repulsion of the charge in the air and a continuous rotation 
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may be prod-uced by the arrangement of points shown in figure 
291. Conductors which are designed to hold electrical charges 
should therefore have all projecting parts or corners carefully 
rounded, otherwise they will be rapidly discharged. 

544. Frictional Electric Machine. The early forms of 
electrical machines were frictional; the one illustrated in figure 
292 is a good type of this class. A circular glass 
plate is mounted firmly on an axle so that it can be 
turned between leather covered rubbers, which are 
pressed against the glass by springs. The rubbers 
remove electrons from the glass by friction, leaving 
the glass positive. The positive glass plate then 
passes between a pair of branches extending from 
a metallic conductor which is on an insulating 
support of glass or of hard rubber. On the inside 
of each of these branches is a row of sharp metal 
points projecting toward the glass plate like the 
teeth of a comb. Electrons are drawn off of these 
points on to the positive glass plate by the proc- 
ess described in the last section, making it neutral again but 
leaving the metallic conductor positively charged because of its 
loss of electrons. The action is continuous as the plate revolves, 




Fig. 292 . Electrical machine 


the metallic conductor becoming charged positively more and 
more while the rubbers acquire an increasing negative charge. 
It is advantageous to connect the rubbers to the ground by a 
chain or wire to permit its excess of electrons to escape. 
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PROBLEMS 

1. If the charges on two small conducting pith balls are +8 and —8, 
will they attract or repel and with what force when 4 cms. apart? What if 
they are allowed to touch? 

2. Two small conducting balls of the same size and 6 cms. apart have 
charges +36 and —4, respectively. What is the force between them? 
Also what will the force become if they are touched together and then 
placed as before? 

3. Two pith balls 3 cms. apart and equally charged repel each other with 
a force of 16 dynes; find the charge on each. 

4. Two pith balls hung from the same point on threads of equal length 
and weighing gm. each, are equally charged and repel so that they diverge 
until the threads are at right angles to each other. What is the force of 
repulsion in grams and in dynes? If they are 8 cms, apart, what is the 
charge on each? 

6. Two pith balls, each weighing gm. and suspended from the same 
point by threads 30 cms. long, are equally charged and repelling each other, 
hang 8 cms. apart. What is the charge on each ball? 

Induction 

545. Induction. When a conductor having no charge is 
insulated and then brought near a’ positively charged body, 
such as A, figure 293, it is found to be negatively electrified on 
the side next to A and positively electrified on the farther side. 
This can readily be tested by means of the proof plane and 
electroscope. 

In this case no electrons have passed from A to B. The con- 
ductor B is insulated and no flow of electrons either into it or 
out of it is possible. When B is taken away from the charged 
body A it is found to have no charge, just as before it was brought 
up. Also no charge is lost or gained by the body A in the opera- 
tion. The charges produced in the conductor B by the prox- 
imity of A are said to be induced, 

546. The Induced Charges are Equal. If, instead of the one 
conductor B of the previous experiment, we take two insulated 
conductors B and C, having no charge, and bring them near 
the charged body A while in contact with each other, as shown 
in figure 294, a negative charge will be induced in the nearer 
one and a positive charge in the farther one, that is, negative 
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electrons drawn toward the conductor A accumulate on B 
making it negative and leaving C with a positive charge. If 
they are now separated and then removed, the displaced electrons 
are trapped on one leaving the other one positive. On bringing 
them near an electroscope they are found oppositely electrihed; 



and if while away from the vicinity of A they are touched to- 
gether, the charges totally disappear, showing that the negative 
electrons of the one were Just sufficient to neutralize the positive 
charge of the other. The charges are therefore equal and opposite. 

The same result is reached whatever the shape or size of the con- 
ductors B and C. Thus B may be large and C small, or vice 
versa, and still the charges on each when removed from the in- 
fluence of A will be found to be equal and opposite. 

For if we consider the single conductor B used in the first 
experiment (Fig. 293) it is clear that if it is imagined cut in two 
at any point, near the positively charged end for example, the 
positive charge on the smaller part will be equal to the excess 
of negative over positive on the greater part. 

Thus the positive and negative 
charges produced by induction are 
always equal. 

547. Induction when the Con- 
ductor is Already Charged. When 
the conductor has a charge to begin 
with the inductive action takes place 
in the same way, but the original 
charge is combined with the induced charge. Thus if B (Fig. 
295) is given a positive charge and brought toward the positively 
charged body A , it will be found that the positive charge is denser 
on the side away from A. 
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At a certain distance there will be no charge at all on the end 
toward A . If brought still nearer a negative charge will be found 
on that end, while the positive charge on the rest of the conductor 
will be correspondingly increased. 

If A and B are both conductors and similarly charged, say 
positively, they will react on each other, and the greatest density 
will be found on the outer side of each. 

If, however, they are oppositely charged the greatest den- 
sities are on the adjacent sides. 

648. Effect of Connecting with the Earth. If, while in the 


presence of the positively charged body A, the conductor B is 





Fig. 296 


connected with the earth by a wire, or 
by touching it with the finger, the in- 
^ duced charge on B is supplemented by 
electrons attracted from the earth by 
the positive charge on -4, so that th^^- 
free positive charge on B is completely 
neutralized and B now has an excess 
of electrons. 

It makes no dijference what part of B 
may be connected to the earth, whether 


the nearer end^ as shown, or the farther end, the result is exactly the 


same. 

The induced charge that remains is sometimes called a bound 
charge because it does not flow off or disappear when B is touched, 
but is held by the presence of the charged body A . 

549. Charging Electroscope by Induction. When a rod of 
hard rubber, negatively electrified by rubbing with fur, is brought 
toward a gold-leaf electroscope, the leaves will be observed to 
diverge strongly while the rod may be several inches from the 
instrument. 

Electrons from the top of the electroscope move downwards 
into the leaves, due to the repulsion of the rod, thus giving them a 
negative charge precisely as in the case discussed in § 545. 

If the top of the instrument is touched by the finger while 
the electrified rod is still held near, electrons will escape, being 
driven off by the repulsion of the rod until the leaves hang 
straight down as in h (Fig. 297). If the finger is now removed and 
then the rod, the remaining electrons will redistribute themselves 
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leaving an excess of positive charge on both the top and on the 
leaves of the electroscope and the leaves will diverge as shown 
in c. 

When the electroscope is positively charged the approach of a 
positively charged rod increases the divergence of the leaves, while 
a negatively charged body will draw them together unless it is 
brought too near, in which case they will again diverge with a 
negative induced charge. 

It will be noticed that there are shown in figure 297 induced 
charges on the metal side strips inside the electroscope. These 



Fig. 297 





charges are opposite, to the charge on the leaves and increase 
their divergence. 

550. Attraction of Pith Balls Explained by Induction. 
When an electrified rod is brought near a pith ball (Fig. 298) 
an inductive action takes place as shown, and the attraction 
between the positively electrified rod and the negatively elec- 
trified side of the ball is greater than the repulsion of the posi- 
tively electrified side, since the negative side of the ball is nearer 
to the rod. 

If the ball had an initial positive charge it would be repelled, 
though even in this case if the rod is much more strongly elec- 
trified than the ball and is brought very neaPto it there may be 
attraction. 

551. Induction Takes Place through Non-conductors. The 

interposition of a sheet of glass or hard rubber or a cake of bees- 
wax or any other insulator between an electrified body and an 
electroscope does not interfere with the inductive action. Indeed 
induction takes place more readily through these substances 
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than through air, though but slight evidence of change would be 
observed in such a rough experiment. 

552. Induction through Conductors. If a charged rod 
(Fig. 299) is held over an electroscope and a small insulated 

sheet of metal is interposed be- 
tween the two, the gold leaves 
will diverge as though the plate 
were not there, for if the rod is 
negative a positive charge will be 
induced on the upper side of the 
plate and an equal negative charge 
on the lower side which in turn 
will act on the electroscope. 

If, however, the plate is con- 
nected with the earth, electrons 
will escape from it leaving its 
lower surface with no charge, and the electroscope will be 
screened almost entirely from the effect of the rod. 

553. Conductor Surrounding an Electroscope. When an 
electroscope is entirely surrounded by a conducting sheet it is 
absolutely protected from all outside inductive action. It has 
already been shown (§ 541) that there is no electrification on 
the interior of a closed conductor, so also there is no induction 
from the outside. If a delicate electroscope is enclosed in a 
cage of wire gauze which is underneath as well as around and 
above it, the cage may be strongly electrified by a machine and 
there will be no disturbance of the electroscope, except such as 
may be due to electrified air passing into the interior. Faraday 
constructed a small room about 6 ft. each way and covered 
with tinfoil and found that within it he was unable to detect any 
disturbance of his most delicate electroscope though an assistant 
was electrifying the outside by a machine so that long sparks 
escaped from it. 

564. Electrophorus. A simple form of induction apparatus 
devised by Volta is known as the electrophorus. It consists 
of a cake or plate of non-conducting material, such as resin, 
sulphur, or hard rubber, supported on a metal base and having a 
metal cover provided with an insulating handle of glass or hard 
rubber. The upper surface of the resinous plate is negatively 



Fig. 299 
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electrified by rubbing it with fur and the cover is then placed upon 
it. Electrons are driven from the lower to the upper side of the 
cover by repulsion, producing a negative charge on its upper side 
and leaving the lower side 
with an equal positive charge. 

On touching it with the finger 
or connecting it by a metal 
chain or wire with the base 
plate the excess of electrons 
escapes from the upper side, 
leaving it with no charge but 
leaving the positive charge on 
the lower side as before. If 
the cover is now lifted from 
the resin, on presenting the 
knuckle, electrons return to it 
again in a bright spark thus 
neutralizing the positive 
charge. The cover may then 
be placed again on the resin, 
touched, and withdrawn and 

a second spark obtained and within 

- 1 r •, 1 T enclosing conductor 

so on indefinitely. In this 

way a great number of charges may be obtained without renewing 
the electrification of the resinous sole plate. 




Fig. 301. Electrophorus 

The resin is a good insulator and the cover touches it at so 
few points that there is very little direct loss by conduction. 

555. Source of the Energy of the Charges. Each of the 
charges obtained in this way has energy, as shown by the noise 
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and light given out by the spark. This energy does not come 
from the energy spent in electrifying the plate of rubber or resin, 
for a spark is obtained every time the insulated cover is touched 
and withdrawn without any appreciable loss of electrilication 
by the resin. 

The energy must be supplied in the operation of withdrawing 
the plate. This will be made evident by the following experiment. 

Suspend the cover by silk cords from a spring, 
and after having discharged it let it be lowered 
upon the resin and then withdrawn without 
being touched. The spring is scarcely stretched 
more when the plate is withdrawn than when it 
was lowered. But if when the cover is on the 
resin it is touched, the negative charge escapes 
and the attraction between the positive charge 
in the cover and the negatively charged resin 
causes the spring to be greatly stretched when 
the plate is raised, showing that more work has 
to be done to raise the plate after it has been 
touched than before. 

It is this work done by the person lifting the 
plate that is the source of the energy of the charge that is obtained. 

If the cover is raised only an inch from the resin the spark 
wiU be much less energetic than if it had been raised 10 in., for 
less work has been done. 

566. Faraday’s Ice-pail Experiment. A very important case 
of induction is that of a charged body surrounded by a con- 
ductor. This was first investigated by Faraday as follows: 

Taking an insulated metal pah having a metal cover and con- 
nected with an electroscope, it was observed that when a charged 
metal ball was brought up toward the pail the divergence of the 
leaves of the electroscope increased until the hall was entirely 
within the pail, after which no change was observed whatever the 
position of the ball might be, whether it was close to the bottom 
or to one side or in the middle. 

The ball was now permitted to touch the inside of the pail, 
but not the slightest change in the gold leaves was observed. When 
the hall was withdrawn it was found completely discharged while 
the leaves remained diverging. 
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The same observations may be made using a deep open 
pail, as in figure 303, provided the ball is not too near the 
open top. 

When the positively charged ball is introduced into the pail 
there is induced a negative charge on the inside of the pail 
leaving a positive charge on the outside, as may be shown by a 
proof plane. 

When the ball touches the interior of the pail the charges on the 
ball and on the interior of the pail disappear, for the ball and pail 
then become one conductor and there 
is no charge on a cavity in a con- 
ductor. 

If these charges were not exactly 
equal there would be some excess of ^ 
either positive or negative charge + 
which would cause a flow of electrons + 
from the outside to the inside or vice 
versa and produce a charge in the 
electroscope. 

The experiment then leads to the 
following conclusion: When a charged 
body is surrounded by a conductor a 
charge is induced on the inside of the conductor equal and opposite to 
that on the body. 

The walls, ceiling, and floors of ordinary rooms are fairly good 
conductors so that when we have a positively charged body in 
a room we may be sure that an exactly equal negative charge 
is distributed over the walls and neighboring objects. 

557. Positive and Negative Electrifications Always Equal. 
Hold a rod of sealing wax in an insulated pail connected with 
an electroscope and rub it with a pad of flannel which is insulated 
on another rod of sealing wax. 

They may be rubbed quite vigorously but no sign of elec- 
trification is shown by^the electroscope, but if either one by 
itself is drawn out of the pail there is decided divergence of the 
gold leaves. It follows that the electrifications developed on 
the sealing wax and flannel, respectively, are equal and opposite. 
This indeed is exactly what is to be expected on the basis of the 
electron theory as discussed in § 535. 



Fig. 303 
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In every case of electrification y whether by induction or jrictiony 
equal positive and negative charges are produced. 

558, Induction Machines. Various forms of electrical ma- 
chines have been devised in which charges developed by in- 
duction from small initial charges are continually added to the 
original charges until powerful effects are obtained. The first 
powerful and successful machine of this kind was made by Holtz 
about 1864. 

A modification of this machine, due to the labors of Voss and 
Toepler and known as the Voss-Holtz or Toepler-Holtz machine, 
is shown in figure 304 with a diagram illustrating its action. 

A circular plate of glass carrying on its front surface six 
small discs of tinfoil, marked < 3 ^ 1 , U 2 , . . . Uq, is rotated rapidly 




Fig. 304. Toepler-Holtz machine and diagram 

in front of a fixed plate of glass, on the back of which are attached 
two conductors of paper A and J5, called armatures (outlined by 
the dotted lines). In front of the rotating plate are mounted 
on insulating supports the two conducting combs HD' with 
sharp points close to the plate and directed toward it; these 
conductors are connected to the knobs X and X\ A conduct- 
ing bar, called the equalizing bar, crosses diagonally in 

front of the rotating plate and is also provided with combs 
directed toward the plate. 

At C and C' there are metallic arms which are connected 
with the armatures on the back of the fixed plate and carry 
little tinsel brushes that touch the tinfoil discs on the revolving 
plate as they pass. 
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Suppose, now, that A is slightly more positive than owing 
to the remains of a previous charge or to the influence of some 
neighboring charged body or to the brushes at C and rubbing 
a little differently on the discs as the plate is turned. And 
suppose that the discs and are under the combs of the 
equalizing bar EE and are connected with it by the tinsel 
brushes carried by that bar. The bar with the two discs thus 
forms one continuous conductor with the two inductors A and B 
opposite its ends. Negative electrons will therefore be drawn 
over toward A , leaving an equal positive charge on the end 
toward B. If the plate is now turned, carries its negative 
charge past the position until it is between the brush C' 
and the armature B with which that brush is connected, and 
is therefore situated almost as if inside of a conductor; it 
accordingly gives up almost its entire charge through the 
brush C' to the armature B which thus becomes more negative. 
At the same time the disc 0^2 has moved past the position az 
and has received electrons again from the armature A through 
the brush C, leaving A more positive. 

The armatures with their increased charges act more power- 
fully on the next pair of discs that pass under the bar EE , 
and so these discs carry still larger charges to the armatures and 
thus the effect rapidly increases till the armatures are so highly 
charged that they lose by leakage as rapidly as they gain. 

When the armature A is positively charged it acts inductively 
on the comb D through the two layers of glass, drawing electrons 
off of the points of the comb onto the surface of the revolving 
glass plate and thus leaving the knob K strongly positively 
charged. On the other hand the inductive action of the nega- 
tively charged armature B results in a leakage of electrons from 
the glass plate onto the sharp points of the comb D\ giving the 
knobi^' a strong negative charge and leaving the glass plate with a 
positive charge, and if the gap between K and K' is not too great, 
spark discharges will take place between them. Two small Leyden 
jars (§ 581) are connected with the conductors D and E and act 
as reservoirs in which the charge accumulates between discharges. 

569. Wimshurst Machine. In the Wimshurst machine two 
circular plates of glass are revolved in opposite directions, one 
in front of the other. 
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On the outer surface of each are a number of radial strips 
or sectors of tinfoil, on each of which is a little metal knob or 
button. As the plates rotate, the buttons strike the tinsel 
brushes of a pair of equalizing bars, one of which is fixed in front 
of each plate, one inclined to the right and one to the left, so 
that the two are nearly at right angles to each other. 

In the diagram the inner and outer circles represent the two 
plates while the heavy lines indicate the positions of the con- 
ducting sectors. 

Suppose that the plates turn in the directions of the arrows 
and that the sector a is slightly positive and h negative. 

Then c and d which are connected by the equalizing bar will 
become oppositely charged by induction, c negatively and d 



Fig. 305. Wimsliurst machine Fig. 306. Diagram 


positively. The rotation of the plates carries c with its negative 
charge to and d with its positive charge to /, where they are 
opposite the ends of the second equalizing bar and by induction 
electrons are drawn over to h making it negative and leaving g 
positive. 

At A and B are combs between which the plates turn, the 
rotation of the plates carries the positively charged sectors 
toward B and the negatively charged ones toward A, making 
the knobs N and M positive and negative respectively. 

660 . Measurement of the Charge of the Electron. The 
amount of charge of the electron was first measured by Sir 
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J. J. Thomson in 1898. Since that time this elementary charge 
has been measured in several different ways, but the most 
beautiful method of all was developed by R. A. Millikan in 1910, 
by which minute electric charges on microscopic drops of oil 
spray from an atomizer were accurately determined. 

A drop was isolated and observed through a low power micro- 
scope as it slowly settled down through air in the space between 
two horizontal metal plates which were connected together so 
that there was no electric force in the region between them. 
When the drops had nearly reached the lower plate the two 
plates were electrified, one positive and the other negative, in 
such a way that the electric force on the charged drop carried it 
upward. As it neared the top the plates were once more con- 
nected and discharged permitting the drop to settle again — and 
so on indefinitely. 

It was possible in this way to observe a single drop for hours 
at a time, and to measure accurately the velocity with which it 
settled downward and also the velocity with which it was urged 
upward. From the former of these two measurements the size 
of the drop could be determined, and then from its upward 
velocity in the electric field its charge could be calculated. In 
several thousand such experiments the charges upon the drops, 
whether positive or negative, were always found to he exact multiples 
of a small charge e, which had the value 4.77 X 10“^° in electrostatic 
units. 

All electric charges whether large or small are a whole number of 
times this elementary charge so that it is impossible to increase or 
diminish an electric charge by a fractional part of e. 

661. Electron Theory of Matter. These experiments of 
Millikan together with researches relating to electric discharge in 
gases, and in the field of radioactivity, show that all electric 
charges whether positive or negative are exact multiples of the 
unit charge e having the value 4.77 X electrostatic units, as 
given in the previous section, which is so small that there are 
more than 2000 million of them in the electrostatic unit as de- 
fined in § 540. 

The positive elementary unit charge is never found separate 
from atoms of matter, but the negative unit, as was shown by 
Sir J. J. Thomson, is carried by the small particles or corpuscles 
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that make up the cathode rays in a vacuum tube (§ 777) and have 
Qjjy the mass of the hydrogen atom. These negative par- 
ticles are the electrons which take part in the electrostatic phenom- 
ena described in the previous sections. They exist in all kinds of 
matter, can pass through conductors (§ 538) and may be trans- 
ferred from one body to another. 

The electron theory supposes that every atom of matter in the 
neutral state is made up of a certain number of elementary positive 
units and an equal number of electrons. 

When an atom loses an electron it becomes positive, when it 
gains an extra one it becomes negative. 

562. Summary. The following is a summary of the main 
preceding facts relating to electric charges. 

1. There are two kinds of charges. Bodies with like charges 
repel and with unlike charges attract each other. 

2. The force between two small charged bodies is directly 
proportional to their charges and inversely proportional to the 
square of the distance between them. 

3. The force between charged bodies also depends on the 
medium between them. 

4. All bodies in the neutral state contain positive and negative 
electricity in equal amounts. 

5. The appearance of charge is a result of the displacement 
of negative electricity, or electrons. 

6. Whenever a positive charge disappears an equal negative 
charge also disappears. 

7. The total charge in a body, or the sum of the positive and 
negative charges which it may exhibit, does not change so long 
as the body is truly insulated. 

8. The distribution of charge in a conductor is influenced by 
neighboring charged bodies. (Induction.) 

9. Charges are always multiples of an elementary unit e 
taken a whole number of times. 

It is seen that several of these statements follow directly 
from the electron theory of charge. 

563. Other Theories of Electricity. The early investigators thought of 
electrified bodies as containing something which they called an imponderable 
fluidy because it could flow from one body to another and yet did not seem 
to possess weight or inertia. 
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Symmer conceived two such fluids, positive and negative electricities, 
which neutralized each other when mingled. 

Franklin, however, advocated the view that there was but a single elec- 
tricity and that for every body there was a normal amount when it showed 
no electriflcation; if there was an excess it showed one kind of electrification, 
while if there was a deficiency of the electric fluid the body was electrified 
in the opposite way. 

This theory is seen to be similar to the electron theory in that it explains 
how opposite charges neutralize each other and how it is impossible to 
produce a negative charge anywhere without at the same time causing an 
equal positive charge to appear somewhere else. 

Potential anb Electrometers 

564. Potential or Electrical Pressure. Suppose an electro- 
scope connected with a charged pail by a wire. It makes no 
difference in the indication of the elec- 
troscope whether it is connected to the 
inside of the pail where no charge can be 
obtained by the proof plane or to an edge 
where the density is greatest. There is 
perfect equilibrium between the electro- 
scope and the charged pail and no tend- 
ency of the charge to flow from one to 
the other. When two conductors are in 
this relation they are said to be at the same potential or to have 
the same electrical pressure. 

The potential of a conductor is that electrical condition which 
determines the flow of electricity. 

Potential determines the flow of electricity just as pressure 
determines the flow of fluids and temperature the flow of heat. 

When any conductor is connected with the earth, flow takes place 
until the conductor comes to the potential of the earth. 

When two charged conductors are connected by a wire, the one 
that loses positive charge is said to have been at a higher potential 
than the other. 

666. Effect of Increased Capacity. If an insulated conductor 
having no electric charge is brought up and touched to the 
charged pail shown in figure 307, part of the charge will flow into 
the conductor and the whole system comes to a new state of 
equilibrium in which the potential is less than before. This 
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is shown by the fact that the gold leaves of the electroscope do 
not diverge so strongly. 

In this case there has been a decrease in potential though there 
has been no change in the total amount of the charge. The en- 
larged system of conductors is said to have a greater electrical 
capacity than the original pail and electroscope. 

Change in potential due to a change in capacity of the charged 
conductor is well shown by Faraday’s apparatus, figure 308, in 

which a roller suspended by insulating 
silk cords carries a conducting ribbon 
of tinfoil. When rolled up and charged 
the pith balls diverge widely, but as 
the ribbon is unrolled, thus increasing 
the surface and capacity of the con- 
ductor, the pith balls approach each 
other. That this is not due to any 
loss of charge is shown by the fact 
that when the ribbon is again rolled 
up the pith balls diverge as at first. 

566. Potential of a Conductor. In 
non-conductors the potential may be 
different at different points, but in a 
conductor or in connected conductors, 
when the electrons are at rest, all 
parts are at the same potential, 
since otherwise flow would take place from one part to another. 

Even when a conductor is hollow the potential in its interior, 
due to electrons at rest, is everywhere the same as at its surface, 
provided it does not contain any insulated charged bodies; for 
Faraday showed (§ 553) that there was no electric force inside 
of a hollow conductor in such a case and consequently it must 
be a region of uniform potential. 

Thus the surface of a conductor is an equipotentiaf surface^ 
since aU points of it are at the same potential, and the interior 
of a Conductor, provided it does not contain insulated charged 
bodies, is an equip otential region, 

567. Zero Potential. Bodies are usually discharged by con- 
necting them with the earth, and its potential is accordingly 
taken as the zero. Bodies which take on electrons, when con- 
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nected to the earth, thereby losing a positive charge, are said to 
have a positive potential while bodies which lose electrons, when 
connected to the earth, thereby becoming more positive, have a 
negative potential. 

The walls and floors of wood and plaster which enclose ordi- 
nary rooms are conductors, though they conduct rather slowly, 
the interiors of rooms are therefore to be regarded as cavities 
in conductors which are at the earth potential. When there are 
no insulated charged bodies inside of such a room it is an equi- 
potential region^ all at zero potential^ even though there may be 
electrified clouds floating overhead. 

568. Potential Without Charge. It was shown by Faraday 
that when an insulated conductor is touched to the inside of a 
hollow conductor which completely surrounds it, it receives 
absolutely no charge. It follows that in such a case there is no 
flow of electrons from one to the other and therefore both must 
have been at the same potential before they touched. We see, then, 
that merely putting a conductor without charge inside of a 
hoUow conductor brings it to the potential of that conductor; 
that is, a conductor which has no charge takes the potential of 
the region where it is placed. 

569. Potential Affected by Neighboring Charges. The case 
just discussed is a special instance of the general principle that 
the potential of a conductor depends not only on its own charge, 
but on that of all neighboring objects. 

This is well shown in case of the electrophorus (§ 554), for 
when the metal cover of that instrument is removed and dis- 
charged by touching it, it comes to the earth potential. But 
when it is placed on the negatively charged base its potential 
is lowered, as is shown by the fact that if it is now connected 
with the earth electrons flow from the cover to the earth. It thus 
comes to the earth potential and has a positive charge. 

If it is now removed from the negatively charged base plate 
its potential is raised, for on touching it it receives electrons from 
the earth. 

It thus appears that the potential of a conductor depends not 
only upon its own charge, but also upon all other charges near 
enough to afifect it. 

If a conductor were removed from all other charged bodies 
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its potential would depend only on its own charge and would 
be proportional to that charge. But if a positively charged body 
is brought near the conductor its potential is raised though its 
charge is not changed. 

A positive charge not only raises the potential of the body to 
which it is given, hut it raises the potential of the whole neighboring 
region and of any bodies that may be near. So also a negative 
charge lowers the potential of all points in its vicinity. 

570. What Determines the Potential of a Conductor. From 
what precedes it will be seen that the potential of a conductor 
depends upon the following three conditions : 

1. Its capacity — determined by its size and shape. 

2. Its charge. 

3. The charges on surrounding bodies. 

571. Measure of Difference of Potential. When a small 
electric charge is moved along an equipotential surface or from 
one part of an equipotential region to another, no work is done, 
for there can he no electric force acting on the charge since there is 
no tendency to flow. 

If two conductors are at the same potential no work is done 
in transferring a small charge from one to the other. But if they 
are not at the same potential work must be done to carry 
a small positive charge from the one at the lower potential to the 
one at the higher, just as in case of two vessels, each containing 
a fluid under pressure, work must be done by a pump to force 
any fluid from the vessel in which the pressure is less into the 
one in which it is greater. 

It may be proved that if a little charge is transferred from 
one conductor to another the work done will be the same by 
whatever path the transfer may be made, and accordingly the 
work done may be used as a measure of the difference of potential 
of the two conductors. 

Thus the difference of potential of two conductors is measured 
by the number of ergs of work required to transfer unit charge 
from one to the other. Difference of potential determined in this 
way is in electrostatic units and one electrostatic unit of potential 
is very nearly equal to 300 volts, the volt being the unit of potential 
in what is called the practical system of units. 
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572. Instruments to Measure Potential. Electroscopes and 
electrometers are potential measuring instruments. For instance, 
the deviation of the gold leaves of a gold-leaf electroscope de- 
pends on the difference of potential between the leaves and the 
side conducting strips that are connected with the earth. The 
leaves have the same potential as any conductor that may be 
connected with them. But this instrument, in the ordinary 



form, is not well adapted for exact measurements, though a 
modified form in which the deflection of a single narrow strip 
of gold leaf is measured by a low power microscope, is valuable 
for some investigations. 

573. Attracted-disc Electrometer. The instrument shown 
in figure 309 is known as the attracted-disc electrometer, or the 
Kelvin absolute electrometer, and may be used to measure large 
differences of potent ial. 

Two circular flat plates of metal, A and B, are mounted par- 
allel to each other. By means of the screw the plate A may be 
raised or lowered and the distance between the two plates may 
be determined by the scale and vernier v. The upper plate is 
made in two parts, a central disc and a surrounding ring. The 
disc is suspended from one arm of a balance and hangs so that 
its lower surface is exactly flush with that of the ring, which 
is separately supported, though the two are in conducting 
communication. 

The plate B is connected with the earth, while A, which is 
insulated by hard rubber or glass at r, is connected with the 
charged conductor whose potential is to be determined. There 
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is a charge on A and an opposite induced charge on B and conse- 
quently an attraction between them. By means of the balance 
the force with which the disc is attracted is exactly measured. 

The difference of potential V between the plates A and B may 
then be found in electrostatic units by the formula 



where d is the distance between the plates in centimeters, F is the 
force of attraction in dynes, and 5 is the area of the disc in square 
centimeters. 

The instrument is called an absolute electrometer, because its 
determinations depend directly on measurements of length and 
force and it may be used to standardize other instruments. 

The guard ring^ as it is called, which surrounds the attracted 
disc was introduced by Lord Kelvin to cause a uniform distribu- 
tion over the central disc, without which the difference of poten- 
tial could not be calculated by the above simple formula. For 
in case of two parallel plates the distribution is denser toward 
the edges, but is extremely uniform near the center if the plates 
are not too far apart. 

The balance must be enclosed in a metal case, as shown by the 
dotted lines, to screen it from aU outside disturbing electrical 
attractions. 

574. Quadrant Electrometer. The quadrant electrometer, 
also designed by Lord Kelvin, is shown in figure 310. A small 
round brass box is cut into four quadrants which are ^slightly 
separated from each other, and mounted on insulating supports 
as shown in the figure. The needle consists of a thin flat plate 
of aluminum, broad at the two ends as shown in the plan, and 
mounted on a light vertical wire of aluminum which passes 
through its center and carries on its upper end a small mirror 
by which the motions of, the needle are observed. 

The fl.at needle is suspended by a fine quartz fiber or by two 
parallel fine fibers of silk constituting a bifilar suspension, so 
that it hangs horizontally in the middle of the box formed by the 
four quadrants and in the position shown. 

The diagonally opposite quadrants A A are connected by wire 
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conductors to the pole P', while the quadrants BB are connected 
to the pole P. The needle is given a positive charge so that if 
the A quadrants are connected with a positively charged body 
while the B quadrants are joined to earth, it will turn toward the 
B quadrants; while if the A quadrants are negative it will turn 
toward them. The deflection 
of the needle is read by the 
motion of a narrow beam of 
light, reflected from the at- 
tached mirror upon a gradu- 
ated scale, and is nearly pro- 
portional to the difference of 
potential between the A and 
B quadrants. 

The sensitiveness of this 
instrument may be many 
times greater than that of the 
gold-leaf electroscope. To 
secure the greatest sensitive- 
ness a very light paper needle 
is used, hung by an exceedingly 
fine quartz fiber. 

Another method of using 
the instrument is to connect 
the B quadrants to the body 
to be tested, while the needle 

and A quadrants are con- Quadrant electrometer 

nected together and to the 

earth. In this case the needle will turn toward the B quadrants 
whether the charged body is positive or negative, and the deflec- 
tion is nearly proportional to the square of the difference of 
potential measured. 

Electron Theory and Dielectrics 

575. Conductors and Insulators. In conductors the slightest external 
electric force causes electrons to pass continuously from atom to atom 
through the body, thus constituting a flow or current of electricity. In this 
motion the electrons are constantly checked by their impacts against atoms 
of matter or other electrons and in this way they are retarded by a sort of 
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frictional resistance, just as shot are retarded in moving through a mass of 
molasses; but there is nothing like an elastic resistance to make them spring 
back when the displacing force is removed. 

In insulators, on the other hand, if electric force is applied, there is a 
certain yielding or displacement of the electrons. If the force is increased 
the electrons are displaced more, but there is no continuous flow as in a 
conductor, and as soon as the external force is removed they spring back to 

their original positions, behaving as shot 
^ would if imbedded in a mass of rubber. 

f \ / Now suppose that the process of charg- 

Y j/ two conductors A and B by an electric 

machine consists in forcing some electrons 
out of A into B, thereby making -4 posh 
tive and B negative. This will cause a 
/ y \ crowding outward of the electrons in the 

dielectric immediately surrounding B, 
while those around A will be displaced 
Fig. 311 inward to make up for its deficiency, and 

so in all the dielectric surrounding A and 
B the electrons will everywhere be displaced in the opposite direction to the 
arrows which indicate the positive direction of the lines of force. 

But since in a dielectric electrons are not free to move, their displacement 
at any point is only through a very small distance and is opposed by the 
internal electric forces between the positive and negative elementary charges 
in the dielectric which urge all the electrons back toward their original un- 
strained positions. There is therefore produced a back pressure on the 
electrons in B and a negative pressure on that in A , so that if A and B are 
now connected by a conducting wire there will be a flow of electrons from 
B to A, until the displaced electrons in the dielectric have sprung back into 
their original positions. The discharge is thus conceived as forced from B to A 
hy the springing back of the electrons in the dielectric in consequence of the 
internal electric forces in the dielectric. 

This difference in pressure between A and B due to the reaction of the 
displaced dielectric is the difference between their potentials. Suppose that 
after A and B are charged they are moved nearer together. The strain will 
now take place through a less thickness of dielectric and the difference in 
pressure between A and B will accordingly be less. The work required to 
produce a given charge will therefore be less when they are nearer together; 
that is, the energy of the charge will be less. They will therefore tend to 
move together; that is, there is an attraction between A and B. For if they 
are moved apart they will have more energ>q but they can only get this 
additional energy from the work done in separating them; therefore there 
must be a force opposing the separation or a force of attraction. 

576. Tubes of Force. The electric field may be conceived as divided 
up into tubes by means of surfaces in the direction of the lines of force. 
(Compare § 511.) These tubes of force will always have at one end a positive 
charge and at the other an equal negative charge. 
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On the electron theory there will be as many electrons displaced inward 
across one end of a tube of force as will be displaced outward across the 
other end. 

577. Induction as Explained on Electron Theory. Suppose A and B 
are conductors near each other (Fig. 312) and having no charge at first. 
Let a negative charge be given to A . 

In doing this we may suppose that electrons are transferred from the 
ground so that the walls of the surrounding room become positive. Tubes of 
force in which electrons are displaced outward will extend outward from A in 
every direction toward the waUs of the room. But since jB is a conductor 
there is no force resisting the displacement of the electrons through it, 



whereas in every other direction there is the active elastic resistance of the 
dielectric to be overcome. Displacement can therefore take place more 
readily on the side of A toward B than in other directions and a number of 
tubes of displacement will terminate on B, and the electrons where the tubes 
terminate will be displaced toward B's interior, while on the farther side of 
B there will be an equal outward displacement of electrons. These con- 
stitute equal positive and negative charges respectively. 

578. Why an Electrostatic Charge Appears Only on the Surface of a 
Conductor. If a charge is given to a hoUow conductor (Fig. 313) all parts 
of the metal shell come to the same potential and there is a displacement of 
electrons in the dielectric surrounding it, and this displacement is either away 
from the conductor or toward it depending on the kind of charge given to 
the conductor. 

But the dielectric A in the interior ds entirely surrounded by the conductor 
and is therefore pressed upon equally in every direction, consequently there can 
be no displacement of its electrons. The pressure or potential in the interior 

is, however, everywhere the same as that in the conductor which surrounds 

it. If a small conductor B is touched to the interior of the shell it comes to 
the same potential as the shell, but the electrons in the dielectric around it, 
being equally urged in every direction, are not displaced and accordingly B 
neither gains nor loses electrons; that is, it does not receive a charge. 

It is much as though a bottle with flexible rubber walls was filled with 
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water and then put inside of a vessel full of water under considerable pres- 
sure. If the stopcock is then opened no water will flow either into the bottle 
or out of it. For the pressure is the same inside of the bottle as it is outside. 
If the stopcock is closed and the bottle is removed from the region of pres- 
sure it will be found neither to have gained nor lost charge. 

So it is also with the conductor B; when inside of A it is at the same 
potential as A , but it does not receive any charge because no displacement 
in the dielectric at its surface is possible, and so when removed from A its 
potential changes to that of the region where it is placed, but it shows no 
trace of charge. 

579. A Case of Induction. Suppose, however, that the conductor B, 
while inside the charged body A and insulated from it, is connected with 



the earth by a wire as shown in figure 314. The electrons in the dielectric 
will then be displaced not only in the dielectric between A and the walls of 
the room, but also between A and B, and if A is positive they are displaced 
toward A and away from B causing a corresponding flow of electi'ons into 
B from the earth. 

If B is now insulated and removed from the interior of A it will be found 
negatively charged, for the displacement in the dielectric around it cannot 
disappear until the electrons that flowed into B are permitted to escape. 

Since the outward displacement on B must he equal to the inward displace- 
ment over the inner surface of A, the charge on B must he equal and opposite 
to that on the interior of A; this has previously been shown to be the case in 
Faraday’s ice-pail experiment (§ 556). 


Condensers and Capacity 

680. Condenser Experiment. Take a tin plate, mount it 
bottom upward on an insulating stand and connect it -w^ith, a 
gold-leaf electroscope. Cover the plate with a sheet of glass and 
then give it a sufficient charge to cause the gold leaves to diverge 
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strongly. Now take another tin plate, connected to earth by 
the hand or by a wire, and lower it upon the glass. The gold 
leaves will be observed to come together as the plates approach 
each other, showing that the potential of the charged conductor 
is diminished by the approach of the grounded conducting plate. 
The closer the two plates are brought together, the greater will be 
the decrease in potential. On removing the upper plate the leaves 
diverge as at first, showing that there has been no loss of charge. 

In this experiment evidently the capacity of the first plate 
has been increased by the proximity of the second uninsulated 
plate. Such a combination is known as a condenser^ because 
it can take a large charge at a small potential. 

The decrease in potential is due to the presence of an induced 
charge on the second plate opposite in kind to that on the first. 

581: Leyden Jar. The earliest form of condenser was de- 
vised in 1746 by Musschenbroek, of Leyden. That experi- 
menter, in attempting to charge a glass 
of water with electricity, held the glass in 
his hand while one pole of the electrical 
machine was connected with the water 
through a nail resting in the glass. After 
charging it well, the knuckle of the other 
hand was touched to the nail and a smart 
electric shock was obtained. 

Further experimentation showed that 
all that was necessary was that there 
should be two conducting coatings sepa- 
rated by the glass. 

Accordingly, a Leyden jar ^ as it is called, is made by coating a 
glass jar or bottle inside and outside with tinfoil for about two- 
thirds the height of the jar. Connection is made with the inner- 
coating through a metal rod terminating in a knob. 

To charge such a jar one coating must be connected to one 
pole of the electrical machine while the other coating is connected 
to the other pole of the machine either directly or through the 
earth, so that one coating receives electrons while the other loses 
them, thus producing opposite charges upon the two coatings. 

The jar is discharged by connecting the knob and outer coating 
by a conductor. 



Fig. 315. Discharge of 
Leyden jar 
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If the outer coating is touched with one hand while the knuckle 
of the other hand is brought to the knob, the jar is discharged 
through the body and the sensation of shock is experienced. 
Slight shocks are felt in the hand and arms while stronger shocks 
are felt in the body. 

A Leyden jar is said to have greater capacity for charge than 
an ordinary insulated conductor, because it will receive a much 
greater charge from a given electrical machine than will be 
taken by the simple conductor. 

582. Condensers. Any contrivance in which two conductors 
are separated by a thin dielectric which has sufficient dielectric 
strength to prevent the discharge of electrons between them, is a 
condenser and has the same properties as a Leyden jar. 

A convenient form of condenser, due to Franklin, may be 
made by coating the opposite sides of a plate of glass with tin- 
foil, which, however, must not reach too near the edges of the 
plate. 

583. Insulated Leyden Jar. If a Leyden jar has either of its 
coatings insulated, no more charge can he given to the other coat- 
ing than to a simple metal conductor of the same shape and size. 
If a Leyden jar is charged and then placed on an insulating 
stand, it cannot be discharged by simply touching the knob. 
But if the finger is touched first to the knob and then withdrawn 
and touched to the outer coating and so on alternately a small 
spark will be obtained every time and the jar may thus be very 
slowly discharged. 

584:. Explanation of Action of a Condenser. One way of 
explaining the action of a condenser is as follows: The plate 
A, say, receives electrons from the electrical machine. This 
negative charge acts inductively through the glass dielectric, 
repelling the electrons in the other plate so that some of them 
flow off into the earth. This leaves this plate positive so that its 
attraction enables the machine to give the plate A a much larger 
negative charge. If the plate B were not connected to the earth, 
its electrons could not escape even though repelled by the plate 
A . These trapped electrons, by their repulsion would prevent A 
from receiving any more electrons than if the plate B were not 
there. 

But it is better to look at the action in the following way, 
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from the standpoint of the displacement theory. Let A (Fig. 317) 
represent the inner coating of a Leyden jar which is stripped of 
its outer coating. Connect A to the positive pole of an electrical 
machine and connect the negative pole to the floor or walls of the 
room. The conductor A will become positively charged and an 
equal and opposite negative charge will 
be found on the walls of the room. The 
tubes of force or displacement extend 
from A to the walls,* but the difference 
of potential produced by the machine 
can cause only a small strain or displace- 
ment of the electrons in so thick a dielectric, 
and, therefore, only a small charge will be 
given to A . But if the outer coating is 
now put upon the jar and connected 3 ,^ charging a 

with the negative pole of the machine, condenser 

as in figure 318, the whole strain will 

take place in the thin layer of glass and so a great displacement 
of electrons in the glass will take place involving a large flow of 
electrons into one coating and out of the other, leaving the jar 
strongly charged. 

If the outer coating were insulated and the negative pole of 
the charging machine were connected to the walls of the room, 


Fig. 317 Fig. 318 

no displacement could take place through the glass toward the 
outer coating without an equal displacement taking place 

It should be kept in mind that the convention adopted for the direction of 
tubes of force shows them pointing in the opposite direction to that of the actual 
electron displacement in the dielectric. 
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outward from the outer coating toward the walls, so that the 
jar would take no greater charge than if there were no outer 
coating. 

685. Capacity of a Conductor. From the above discussion 
it will be clear that the charging of every conductor is analogous 
to the charging of a Leyden jar; the conductor itself coiresponds 
to the inner coating of the jar; while the surrounding walls or 
conductors on which the tubes of force terminate correspond to 
the outer coating; it differs from a Leyden jar only in the greater 
thickness of the dielectric, 

586. Capacity. The larger the charge given to a Leyden jar 
or condenser, the greater is the difference of potential between 
its coatings, so that we have 

(2 = FC 

where Q is the charge, V is the difference of potential between the 
coatings of the jar, and C is a constant called the capacity of 
the jar. 

When F = 1, C = <2, and, therefore, the capacity of a condenser 
is numerically equal to the quantity of charge required to make 
unit diference of potential between its coatings. 

Capacity depends on that area S of one surface which is op- 
posed by the other and varies inversely as the thickness of the 
dielectric d which separates them. It may be computed from 
the formula 

C = ~ 

47ri 

where K is a constant which depends on the nature of the 
dielectric and is called its specific inductive capacity or dielectric 
constant. 

The derivation of this formula is given in § 596. 

Caution: The student is warned against thinking that the capacity of a 
condenser is the greatest charge which it can hold. Capacity is not a charge 
or quantity of electricity, but a constant of the condenser which does not 
change with different charges. It is the ratio of charge to difference of poten- 
tial between the coatings, and remains the same for all charges. The maxi- 
mum possible charge of a condenser depends upon its insulation and the 
strength of the dielectric between its coatings to resist disruptive discharge. 
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So7ne Specific Inductive Capacities, or Dielectric Constants 

Hard rubber . 2,5 Paraffin .... 2.0 Air (normal pressure) . 1 . 00059 

Glass 6 to 8 Turpentine . 2.2 Carbon dioxide 1.00090 

Mica 8.0 Petroleum . . 3.1 Hydrogen 1 . 00028 

587. Hydraulic Analogy. It is instructive to consider the following 
hydraulic model of a condenser. A metal box is divided into two parts A 
and B hy z. partition of thick sheet rubber. Each side is provided with a 
tubular opening controlled by a stopcock, the whole is then filled with water 
and immersed in a pond. While the stopcocks are open the pressure is the 
same in A and B and the rubber is not strained. It is like a Leyden jar 
uninsulated and discharged. Now attach a pump to B and force water in 
while the stopcock of A is left open or, what amounts to the same thing, 
connect the pump both to A and B so that it punips water out of A and into 
B. The rubber will be strained as shown in the figure, the side A will be at 
the pressure of the pond which may be called zero, while the other side is at a 
higher pressure p. This difference in pressure p 
between the two sides is due to the strain of the 
rubber. If A and B are now connected by a pipe 
and the stopcocks are opened there will be a flow 
from one side to the other as the rubber springs 
back into the unstrained condition. 

So when a Leyden jar is discharged electrons 
may be thought of as forced from one coating to the other by the springing 
back of the displaced electrons in the dielectric. 

If the rubber diaphragm were thicker more difference in pressure would be 
required to force in a given charge. So in a Leyden jar, the thicker the 
dielectric the greater the difference of potential between its coatings when 
it has a given charge. 

If the diaphragm were made of a substance that was more yielding than 
rubber, it would correspond to a dielectric of greater specific inductive capac- 
ity; for a given pressure would then force in a greater charge. 

Also suppose the stopcock A is closed and the pump connected to B, 
pressure will be produced in B and perhaps a slight amount of water forced 
in due to the elastic yielding of the box itself, but the rubber diaphragm will 
not be appreciably strained and the pressure will be the same on both sides. 
This is the case of trying to charge an insulated jar. The stiff and but slightly 
yielding walls of the box represent the insulating dielectric that surrounds 
the Leyden jar and extends to the walls of the room, while the rubber dia~ 
phragm represents the thin glass dielectric between the coatings of the jar. 

Remembering that the dielectric surrounding the jar is slightly yielding 
will enable the student to explain the succession of small sparks obtained 
from the insulated jar as described in § 583. 

688. Energy of Charge. When we begin to charge a Leyden 
jar or condenser the two coatings are at the same potential and 



Fig. 319. Hydraulic 
model of Leyden jar 
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therefore no work is required to transfer the first few electrons 
from one coating to the other. But as the charging goes on 
the difference of potential between the two coatings increases 
and more work is required to transfer a given number of electrons. 

Suppose the final potential to which the jar is charged is V, 
and suppose that in charging it Q units of electricity are trans- 
ferred from one coating to the other, giving one a charge +2 
and the other a charge —Q. If during this transfer the differ- 
ence of potential between the coatings were to remain constant 
and equal to V the work done in charging would be QF ergs. 
But since the difference of potential is zero at the start and in- 
creases in proportion to the charge, the average potential during 
charging is fF and the work actually done in charging is IQF, 
which is therefore the energy of the charge. 

The case is analogous to the filling of a cylindrical water 
tower, the pressure is zero when the tower is empty, and increases 




as the water rises until the final pressure p is reached. The work 
done is, therefore, ^pv where v is the total volume of water 
pumped in. 

The energy of the condenser exists as electrical strain in the 
dielectric. 

589. Leyden Battery, The Leyden jars in the combination 
shown in figure 320 have their inner coatings connected together 
and are mounted in a box lined with tinfoil by which their outer 
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coatings are also joined. Such an arrangement is known as a 
Leyden battery^ the jars are also said to be connected in parallel 
or multiple^ and the combination is equivalent to a single large 
jar having a capacity equal to the sum of the capacities of the sepa- 
rate jars, 

590. Leyden Jars Connected in Cascade or Series. In 

each of the two arrangements shown in figure 321 four jars on in- 



sulating stands are connected in such a way that if the discharge 
were to burst through the glass of the jars it would have to pierce 
all four jars to pass from one end to the other, as four layers of 
glass intervene between the terminal conductors. In such a case 
the jars are said to be joined in cascade or in series. The dia- 
gram (Fig. 322) shows that state of electrification, the regions 
between the charged plates representing the layers of glass. 

Four similar jars joined in this way are like a single jar having a 
dielectric four times as thick, and the capacity of the combination is 
one-fourth that of a single jar. 

This case is well illustrated by the hydrostatic analogue (Fig. 323) in 
which four models such as are described in § 587 are connected in series. 
Clearly when water is pumped in at ^ and out at B the rubber diaphragms 



Fig. 323 


are all strained and an equal quantity of water is displaced from each into 
the next succeeding, thus representing the equality of the charges in each. 
The pressures represent the potentials. Evidently the pressure is greater 
than ^ 0 , and is the greatest of all, and to force in a given quantity of water 
four times as much pressure must be used as to force it into a single one 
of the cells. 

The chief practical advantage of the cascade arrangement is that it has 
great dielectric strength and sparks do not easily burst through the glass; for 
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this reason the small jars used on induction electrical machines are usually 
connected two in series, one being connected to one pole of the machine and 
one to the other, while their outer coatings are joined by a wire. 

When Leyden jars of different capacities Ci, C2, C3, are joined 
in series, the capacity C of the combination is found from the 
relation 

1 - _1 -1 _L. Jl 
C Cl C2 C3 


To prove this formula let Q represent the charge, which will be the same 
for each jar when they are charged in series. The potentials of the jars 
will be 



The total difference of potential between the end coatings of the series 
will therefore be 

F = Fi + F2 + Fs = ^ i i 


and if C is the capacity of the combination we have 



therefore, 


1 - JL 2. 2. 

c " Cl C2 Cs 


PROBLEMS 

1. A Leyden jar 14 cms. in diameter and made of glass 3 mm. thick is 
coated on the bottom and sides up to a height of 20 cms. What is its capacity 
and what charge is required to bring it to potential 30? Take dielectric 
constant of glass = 6. 

2. Two Leyden jars, one of capacity 300 and charged to potential 20, 
the other brought to potential 30 by a charge of 7200 units, are connected 
together in parallel, positive coating being connected to positive and negative 
to negative. Find the resulting potential and the charge in each jar after 
being connected. 

3. If in the preceding problem the positive coating of each jar is con- 
nected to the negative of the other, what will be the resulting difference in 
potential and charge in each jar? 

4. A jar of capacity 1000 is charged to potential 50; find the heat 
developed in gram-calories when it is discharged through a long fine wire. 

capacity 500 are charged each to potential 12 and 
then joined in series and finally discharged by connecting the end coatings 
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of the combination. Find the difference of potential between the end coat- 
ings and the quantity of charge that passes through the discharge, and 
thence calculate the energy expended in the discharge. 

6. Let the three Leyden jars of the previous problem be joined in 
parallel and then discharged. Find the difference of potential between 
coatings, and the quantity of discharge, and thence determine the energy 
of the discharge. 

7. A Leyden jar of capacity 500 is joined in series with another of 
capacity 200, and the combination is given a charge 3000. Find the differ- 
ence of potential between the coatings in each jar. Thence* find the difference 
of potential between the end coatings of the combination. What is the 
capacity of a single jar which when given the charge 3000 would have the 
same difference of potential as the combination? 

8. A Leyden jar of capacity 600 is joined in series with one of capacity 
400. Find the capacity of the combination. 

9. Two Leyden jars of capacities Ci and C 2 are joined in series and given 
a charge Q. Find the capacity of a single jar equivalent to the combination, 
by following the method of problem 7. 

10. A Leyden jar of capacity 800 is joined in series with another of 
capacity 200, and the combination charged to potential 20. Find the charge 
in each jar and the difference of potential between the coatings of each jar. 


Calculation ot Potential and Capacity 

691. Potential at a Point. Up to this point we have thought 
of electrical potential simply as a certain condition which de- 
termines the flow of electricity; and we have shown that the 
difference of potential between two conductors may be measured 
by the work done in transferring unit charge from one to the 
other (§ 571). 

But potential is not a property of conductors only. When a 
little charge is brought up to any point whatever in space, work 
must in general be expended in bringing it to that point, on ac- 
count of the attractions or repulsions of neighboring charges; and 
this work, per unit charge, is used as the measure of the potential 
at that point. 

Definition. The potential at any point is measured hy the work 
done against electrostatic forces in bringing a unit positive charge 
up to that point from an infinite distance. 

This work may be calculated as follows : 

Suppose there is a charge of q units of electricity at A 



ELECTROSTATICS 


408 

(Fig. 324 ), and it is required to find the work done in carrying 
unit charge from C to ^ in the same straight line with A when 
air is the medium between the charges. 

Conceive the distance BC divided into n small parts at the 
points ai, ^2, ag, etc., and let r be the distance from A to B and ri 
the distance from A to ai, etc. Then the force with which q repels 

unit charge SitB in air is (§ 540 ), while the force at <zi is 


R 



^2 


1 

r 


1 

1 


1 


i 







B a-j a2 Os C 

Fig. 324 


To get the work wi done when unit charge is moved from a-i to B, 
the average force must be multiplied by the distance from B to ai 
which is ri — r. 


The geometrical mean of -- and is and this may be taken 

Ti^ rri 

as the average force between ai and B if these points are close 
together. The work done in this element of the distance will 

therefore be wi = — (n — r) = - ^ 

m r ri 

and similarly the work done when unit charge is moved from <22 to 
ai is 


so also 

and finally 

Adding, we find 


W2 — 

3 

ri 

r2 


q. 

Ws 

1 

ri 

n 


= 

— - 


m +, etc., + ze;n = - 
r 


£ 

R 


where Wi + W2 + , etc., + is the whole work done in moving 
the unit charge from C to B, In the final result all intermediate 
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terms have disappeared, the result is therefore the same however 
great the number of parts into which CB may be divided; it is 
therefore clear that no error was introduced by taking the 
geometrical mean of the forces at B and ai as the average be- 
tween those points. 

It may be shown that the work will be the same along any path 
whatever between B and C, even though these points may not lie 
in the same direction from A . 

Thus the work done in carrying 
unit positive charge from C to B 
(Fig. 325) against the repulsive 
force of a charge q oX A is 

1 

R 

Now if the point C is at an 

R 

infinite distance from A then — Fig. 325 



= 0, and the work done against the repulsion of q, in bringing 
a unit charge up to B from an infinite distance in air or vacuum, 

is simply and this, by definition, is the potential at B due 

to the charge q. Representing this potential by V we have, 


V 




r 


If there are a number of charges qi, q^j qz, etc., at distances ri, 
Tz, respectively, from the point B and in any directions what- 
ever, the potential at that point becomes, when air is the medium, 

= + + + 

ri r2 rz 

since the potential at a point depends only on its distance from 
charges and not on their directions. The signs of the terms 
depend on whether the charges are positive or negative. 

In any other medium than air the potential V may be com- 
puted from the formula 

xr 1 , 92 , ^3 , \ 
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where K is the specific inductive capacity of the medium 
(§540). 

592. Zero Potential. According to the definition just given, 
those points are at zero potential which are at an infinite distance 
from all electrified bodies. But the earth’s potential has also 
been defined X§ 567) as zero potential. These two definitions are 
inconsistent if the earth has a charge, and there are reasons for 
thinking that it has. 

But any charge which the earth may have will change the po- 
tential of the earth and of all bodies in our laboratory rooms by 
the same amount, so that differences of potential will be unchanged, 
and it is only differences of potential that are measured by our 
instruments. 

In discussing problems that involve the electrical state of the 
heavenly bodies or of regions remote from the earth, of course it 
will not do to assume that the earth potential is zero. The zero 
must then be taken as defined in the preceding paragraph. 

693. Equipotential Surfaces. Suppose there is a charge of 
12 units at A (Fig. 326) which is not near any other charged body. 
Then the potential due to A may be calculated from the formula 



r 


where q = 12. At 1 cm. from A in any direction the potential 
will be 12. The sphere of- radius having A as center is there- 
fore an equipotential surface of potential 12. The sphere whose 
radius is 2 cms. is the surface of potential 6, the surface of po- 
tential one would have a radius of 12 cms., while zero potential 
would be at an infinitely great distance. If the charged point A 
is inside of a room the surface of the room will be at zero potential, 
for there will be an induced negative charge at each point of the 
surface sufidcient to counteract the action of the charge A. 

The figure shows the position of the successive equipotential 
surfaces, differing by unity, from 2 to 12, It will be noticed 
that they are closer together the nearer they are to A . The same 
amount of work must be done to move a unit charge from the sur- 
face 2 to 3, as from 3 to 4 or 11 to 12; in each case one erg of work 
is done. But the shorter the distance in which a given amount 
of work is done the greater the force that must be exerted, hence 
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the surfaces are closer together near A where the electric force is 
greater. 

No work at all is done when an electric charge is moved along 
an equipotential surface, hence at every point the direction of 



Fig. 326. Equipotential surface due to a charge 12 at A 

the resultant force must be at right angles to the equrpotenUal 

surfaces. . i- 

Lines of force, or lines wMch at each point have the direction 

of the resultant force, must therefore cut equipotential surfaces 
at right angles, and in the above case are a set of radial straight 

lines. - , i +• 1 

694. Induction from the Point of View of Equipotential 

Surfaces. In figure 326 notice that the region B surrounded by 



Fig. 327. Equipotential surfaces where B is a conductor 

the elliptical line reaches from a point where the potential is 3 to 
where the potential is 5. If ^ is a non-conductor this distribution 
of potential is possible, hut if B is a conductor flow must take place 
until it is all at the same potential. The left-hand end will recewe 
a negative charge which will lower its potential, while the right- 
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hand end will have its potential raised by a positive charge till all 
parts come to some potential intermediate between 3 and 5. The 
lines of force and equipotential surfaces in this case are shown in 
figure 327. In this diagram the conductor is supposed to come 
to potential 4, all other equipotential surfaces are bent outward or 
inward away from B. Some lines of force from A terminate on 
the negatively charged left end of B, while lines of force go out 
from the positively charged end of B to the right. This case is 

analogous to the formation of a level spot 
or pond on the side of a mountain. The 
ground must be cut away on the side to- 
ward the mountain, and built up on the 
outside. 

595. Capacity of an Isolated Sphere. 
Suppose an insulated sphere in the center 
of a large room. If it has a positive 
charge Q, its lines of force terminate on 
an equal quantity of negative electricity 
induced on the walls of the room. To find the potential at the 
center of the sphere we have the formula, 



y = + 

ri rt 


(§ 591 ) 


In the present case the only charge which is near enough to pro- 
duce any appreciable effect at O is the charge +Q. Although 
this charge is distributed over the sphere, it is all at the same dis- 
tance r from O. Therefore the potential at the center of the 
sphere is ^ 

F = 

r 


But in case of a charged conductor all parts of it, inside and out- 
side, are at the same potential, the sphere is, therefore, all at 
the potential V of its center. 

But by § 586 


therefore 


<2 = FC, 
C - r 


or the capacity in electrostatic units of an isolated sphere sui^ 
rounded by air is numerically equal to its radius. 
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If the medium, surrounding the sphere has specific inductive 
capacity K, its capacity becomes (§ 586) 

C = Kr. 

596. Capacity of a Condenser Made of Two Concentric 
Spheres. Suppose we have a condenser such as shown in 
figure 329, consisting of two concentric 
metal spheres with air between them. Let 
ri be the outer radius of the inner sphere 
and f 2 be the inner radius of the outer sphere. 

If a charge -\-Q is given to the inner sphere, 
an induced charge — <2 will be found on the 
outer sphere. If the outer sphere is con- 
nected to earth it comes to zero potential 
and all charge disappears from its outer Pig. 329. Spherical 
surface. condenser 

The potential at 0 the center of the small sphere is therefore 
V = 

ri r2 

since the charge +Q is at a distance ri from the center, and the 
charge —<2 is at a distance ro from the center. 

But the potential everywhere inside of a closed conductor is 
the same as at its surface. Hence the potential of the inner 
sphere is 



and since the outer sphere is at zero potential, V is the difference 
of potential between the two. 

But by the definition of capacity Q = CV, therefore 
^ _ 1 

1 1 r2 — ri 

ri r2 

If the medium between the spheres has a specific inductive 
capacity K, the capacity of the condenser will be 

_ Krir2 
r2 - ri 
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If the spheres, are close together we may write rir 2 = and 
^ n = d where r is the mean radius of the spheres and d is 
the thickness of the space between them. 

Then 

r 

d 4:Td 


but 4:'jrr^ is the area of surface of a sphere of radius r; therefore 


C = 


KS 

4:Trd 


In this form the formula can be used for any condensers where 
the two surfaces are close together, as in a Leyden jar or in a 
condenser made of two flat parallel plates. 


PROBLEMS 

1 . How much work must be done to carry a unit positive charge from a 
point 1 meter distant from a charge +100 to a point 2 cms. from it? 

2 . What is the potential at a point half-way between two equal spherical 
conductors having charges +100 and —100, respectively? 

3. What is the potential at one corner of a rectangle which measures 
40 X 30 cms. when there is a charge —300 at the diagonally opposite corner 
and +120 at each of the adjacent ones? 

4. A spherical conductor 10 cms. in diameter has a charge of +200 units 
and a small body having an equal plus charge is situated 1 meter from the 
center of the sphere. What is the potential at the center of the sphere? 
What is the potential at its surface? Is the charge distributed uniformly 
over the sphere? 

6. How much work would be done in moving the small charged body of 
the preceding question up to 50 cms. from the center of the sphere? 


Electric Discharge 

597. Electric Discharge through Air at Ordinary Pressure. 
Three forms of discharge through air are recognized at ordinary 
pressures, the electric spark or disruptive discharge, brush dis- 
charge, and glow discharge. 

In the ordinary spark discharge there is a rush of electricity 
accompanied by a flash of light and by heat and sound, 
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The brush discharge is seen when in a darkened room the hand 
is brought near the positive conductor of a highly active electrical 
machine. If it is not held near enough for the spark discharge 
a luminous brush, like a little tree with branches of light ramify- 
ing from a short stem, extends out toward the hand from some 
point on the positively charged conductor. It seems to be 
caused by an almost continuous succession of extremely small 
discharges. 

Sometimes in the dark when an electric machine is highly ex- 
cited, but when the conductors are separated too far for sparks 
to pass, a faint velvety glow of violet light known as the glow 
discharge is seen on the knob of the negative conductor. 

All these forms of spark discharge are first started by a 
portion of the molecules being broken up each into a positive 
ion and a negative ion or electron (§769). This is caused by 
the electric force acting on the few positive and negative ions, 
which are always present in air, so that they collide violently 
with other molecules and knock off some of their electrons. 
These new ions are also acted upon by the electric field, the 
positive ions being driven in one direction and the negative ions 
or electrons being driven in the opposite direction. These in 
turn produce more ions by collision with neutral molecules and, 
aided by a supply of electrons which are apparently liberated 
at the negative electrode by the arrival there of positive ions, 
the current almost instantly builds up to a large value and is 
made evident as the spark discharge. The spark is of very short 
duration since, owing to the large current, the conductors are 
almost instantly discharged. 

If the electric force producing the ions is fairly uniform in 
intensity, as it is between the knobs of an electric machine, when 
the electric force reaches a certain value, this ionization suddenly 
builds up all the way across between the knobs which starts a 
spark discharge. On the other hand, for the case of brush dis- 
charge the electric force is intense enough to produce active 
ionization only at sharp points and projections of a charged body 
instead of along an entire path, so that only a slow leakage of 
charge can take place. 

598. Oscillatory Discharge. When a spring is bent and let 
fly it oscillates back and forth, coming to rest when its energy is 



ELECTROSTATICS 


416 

finally spent in heat, sound, and air waves. So when a charged 
Leyden jar is discharged through a circuit of small resistance 
the energy of the charge cannot be dissipated in the first rush 
and consequently there is a back-and-forth rush of electrons from 
one coating to the other until the energy is finally spent in sound, 

heat, light, and electric 
waves. This is known as 
the oscillatory discharge. 
If there is sufficient re- 
sistance in the discharge 
circuit there is no oscilla- 
tion, just as a pendulum hung in molasses will sink to its lowest 
position without oscillation. 

The oscillatory discharge was examined by Feddersen in 1863 
by means of a rapidly rotating mirror. Seen in this way, each 
discharge showed as a group of sparks at regular intervals and 
rapidly dying out, as shown in figure 330; see also § 811. 

599. Mechanical and Heating Effects of Disruptive Dis- 
charge. When the discharge takes place through a sheet of 
glass it is pulverized at the point of discharge. Pasteboard is 
perforated by the discharge, the edges of the hole being raised 
in a burr on each side as if by the sudden expansion and bursting 
out of the contained air or moisture. When trees are struck by 
lightning they are apt to be splintered, large slivers being flung 
violently out sidewise, perhaps due to sudden vaporization of 
moisture. When a living tree is struck the discharge usually 
takes the sap layer and frequently follows the grain. A glass 
tube having a fine bore filled with water and with a wire thrust 
a short distance in each end may be burst by the discharge of a 
Leyden jar. 

The electric discharge is accompanied by heat. Ether and 
bisulphide of carbon are readily ignited by it. Buildings con- 
taining inflammable material are occasionally set on fire when 
struck by lightning. A mixture of one volume of oxygen with 
two volumes of hydrogen explodes with violence if even a minute 
electric spark passes in it. 

A little gunpowder placed between the ends of two wires 
through which a discharge is sent will usually be scattered unless 
the discharge is retarded by causing it to pass through a wet 



Fig. 330. Oscillatory discharge 
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string or other poor conductor, in which case the powder may be 
ignited. 

Narrow strips of gold foil, 1 or 2 mm. in width, gummed to 
a sheet of paper so that they form a conducting strip, may be 
deflagrated or volatilized by the discharge of a Leyden battery. 
The purple stain which is left is wider than the gold-foil strips 
and is streaked at right angles to its length as though the vol- 
atilized metal had been driven violently out from the path of 
discharge. 

600. Lightning. The resemblance between lightning flashes 
and electric sparks was early noticed. Franklin, in 1752, per- 
formed the celebrated experiment of obtaining electric charges 
by means of a kite as a thunderstorm was approaching. The 
kite was provided with metal points and the linen kite cord was 
a fairly good conductor when wet. To the lower end of the kite 
cord was fastened a metal key to which a silk cord was attached 
which was held in the hand and acted as an insulator. Sparks 
were obtained from the key and Leyden jars were charged, and 
the familiar phenomena of electric charges were observed. 

The so-called globe lightning, described by different observers 
as a ball of fire slowly moving along and then suddenly exploding 
with terrific violence, has never been imitated by any electrical 
discharges obtained in the laboratory and is so different from 
the ordinary phenomena of discharge that many physicists con- 
sider such observations illusory and due to a subjective effect of 
the discharge on the eye of the observer. 

601. Atmospheric Electricity. The electrical separation in 
thunderstorms according to the theory of Simpson, is due to the 
disruption of rain drops in the uprushing current of air; for 
laboratory experiments show that when a drop is broken up by 
falling on a vertical jet of air the resulting drops are positively 
charged while the current of air carries off negative charge. Rain 
from the lower part of the cloud will carry down positive charge 
while rain from higher regions of condensation will be negatively 
charged. 

Another circumstance that very possibly plays a part in the 
development of thunderstorms is that condensation of moisture 
in the atmosphere takes place more easily around negative 
nuclei or electrons than it does around positive nuclei, and the 
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fall of such drops to the earth will give* it a negative charge. 
In fair weather the earth is usually negative, the potential being 
higher at points above the earth's surface, increasing at the rate 
of from 75 to 150 volts per meter above level ground, while in 
thunderstorms the atmospheric potential fluctuates greatly and 
may even be negative to the earth. 

602. Lightning Rods. It was shown (§ 553) that when an 
electroscope was surrounded by a conducting surface or even 
enclosed in a wire cage it was screened from outside electrical 
disturbances, and this suggests how buildings should be protected. 

Buildings with metal outer sheathing need no other protection, 
though care should be taken that the metal walls are at least as 
well connected to damp earth as the gas and water pipes within. 

Wooden structures should have low metal points on the chim- 
neys and gables and other projecting portions, these points 
should be connected together by heavy wires or other conductors 
which run down the main corners of the building to the ground. 
At or near the ground it is well to have them connected together 
by a wire passing entirely around the building, and at two 
points on opposite sides of the building good ground connections 
should be made by connecting to pipes driven down to water or 
to a metal plate bedded in coke in damp earth. 

Insulation from the building is not needed, metal roofs and 
gutters and rain-water pipes should be connected together and 
may serve for lightning conductors if given good ground con- 
nections. Ordinary heavy galvanized iron telegraph wire will 
serve well for the conductor or, still better, a flat ribbon of sheet 
copper. 

603. Piezo Electricity. Certain crystals, such as tourmaline, 
quartz and notably Rochelle salt become electrically charged 
when they are mechanically stressed. If the applied stress be 
reversed, that is, if tension is changed to compression, or if a 
right-hand twist is changed to a left-hand twist, the sign of the 
charge which appears on the crystal becomes reversed, also. 

Rochelle salt is many times more active than any other crystal 
known. A force of 10 kilograms applied to such a crystal in the 
right relation to its axes may produce charges equal to more 
than 100 electrostatic units. 

The piezoelectric effect, as it is sometimes called, is reversible, 
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that is, when the crystal is charged first, it becomes distorted 
as though a stress were applied to it, this effect being the re- 
ciprocal of the production of electrification by applying stress. 

Microphones for use in radiotelephony (§ 824) have been designed which 
make use of piezo electricity. The alternating pressure of the sound waves 
of the voice act upon a suitably supported crystal of Rochelle salt and 
produce electric charges upon it which oscillate exactly according to the 
sound waves. These electric charges are amplified by three electrode 
vacuum tubes (§781) and transmitted in the usual way. These micro- 
phones have the advantage of responding almost equally to all frequencies, 
but the disadvantage of varying in sensitivity with temperature variation. 

The reciprocal effect may be strikingly demonstrated by applying alter- 
nating electric charges of high frequency from an energetic vacuum tube 
oscillator to the sides of a small slab cut from a quartz crystal, perpendicular 
to the crystal axis. An alternating expansion and contraction of the quartz 
is produced. When the oscillator frequency is tuned to the natural me- 
chanical vibration period of the piece of quartz crystal, the vibration of the 
piece of quartz may become so violent as to cause it to burst into fragments 
due to the mechanical stress developed. 
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The Electric Current and Voltaic Cell 

604. The Electric Current. When a Leyden jar is discharged 
or when a series of sparks from an electrical machine pass through 
a conductor, in fact whenever a charge is communicated from 
one point to another, there is what is called a flow of electricity, 
or an electric current. 

The current is said to flow from the positive to the negative 
conductor. This is a convention; for vitreous electrification was 
called positive, and resinous was called negative, long before 
there was any idea of the direction of flow. It is now known 
that an electric current in a conductor consists of a flow or transfer 
of elementary negative charges or electrons from the negative to 
the positive conductor, thus the actual direction of flow is exactly 
opposite to the ordinary convention. 

In all the cases hitherto considered the flow has been so 
transitory as to be almost instantaneous. We now come to a 
series of discoveries which made possible the production of 
currents of electricity lasting for a considerable time. 

606. Galvani’s Discovery. In 1786, Galvani, professor of 
anatomy at Bologna, in experimenting on the muscular contrac- 
tions produced by discharges from an electric machine, noticed 
that frogs’ legs, hung on metal hooks in such a way that they 
rested in contact with a strip of another metal through which 
the hooks had been driven, were thrown into convulsive move- 
ments such as were produced by electric discharges. Following 
up the observation, he found that if strips of two unlike metals, 
such as zinc and copper, were taken and one put in contact with 
the main nerve of the frog’s leg while the other was touched to 
the thigh muscles, spasmodic muscular contractions took place, 

420 
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provided the other ends of the metal strips were in contact with 
each other. 

606. Volta’s Discovery. Volta, who was professor of physics 
in the University of Pavia, believed that the source of the elec- 
trical ejects observed by Galvani was to he found in the contact 
of the dissimilar metals. But if there was any difference of 
potential produced in such a case it was far too small to be 
detected by the gold-leaf electroscope as ordinarily used. This 
difficulty was most ingeniously over- 
come by Volta’s device of the con- 
densing electroscope. 

A gold-leaf electroscope was con- 
structed having a fiat brass plate 
instead of a knob, as shown in figure 
331, on which rested a second brass 
plate of the same size having an in- 
sulating handle of glass by which it 
could be raised. Both plates were 
given a thin coating of shellac var- 33^ discovery 

nish by which they were insulated 

from each other and thus formed a condenser of large capacity, 
since the separating dielectric was thin. 

The lower plate was then touched by a strip of copper soldered 
to the end of a zinc strip held in one hand while at the same time 
the upper plate was touched with the other hand. When the 
upper plate was raised after breaking these contacts, the gold 
leaves diverged with negative electricity, showing that the upper 
plate of the condenser had been charged positively and the lower 
negatively by the operation. The advantage of the condenser 
was that although the difference of potential between the plates 
was exceedingly small, a considerable charge was accumulated 
which was set free when the capacity of the condenser was de- 
creased through separation of the plates. 

When the two condenser plates were of brass and directly 
connected by the copper-zinc circuit, as in figure 332, no charge 
was obtained since the end metals were alike, being the two brass 
condenser plates; but if at any point in the circuit two dissimilar 
metals were connected by a dilute acid or salt solution, as shown 
in figure 333, the condenser plates were charged. In this case 
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the solution takes the place of the body of the experimenter iq 
the original experiment. 

It is now believed that the differences of potential obtained by 
Volta were mainly due not, as he supposed, to the contact of dis- 



no charge condenser charged 


Fig. 332 Fig. 333 


similar metals, but to the contacts between these metals and the 
hands of the experimenter or the acid or salt solution. 

607. Voltaic Pile. In seeking to obtain a larger effect Volta 
found that when he took two cells in which strips of zinc and 
copper dipped into dilute acid, and joined them in series, as 
I shown in figure 334, he obtained in 

the electroscope double the charge 
given by one cell. The effect was 
found to depend only on the kind of 
]- rnetals and acid used and not at all 

I _ Y on the size of the plates. 

I zn~^“ cu Voltaic pile, based on this 

"" discovery, consists of discs of copper, 

I 1^ 2 inc, and cloth or paper saturated 

Fig. 334. Charge by t wo ceUs acid or salt solution, piled one 

upon another, first a disc of copper, 

^ en aadulated cloth,^ then zinc, then again copper, cloth, and 
zmc, and so on. A pile having 50 such combinations will pro- 
duce 50 times the difference of potential that can be obtained 
from a smgle element consisting of zinc-acid-copper. 

What are known as dry piles are made by taking discs of 
gilt paper and so-called sUver paper, placing them in pairs, the 
gilt face of one against the silver face of the other, and then 
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making a pile of such pairs, the same kind of paper being upper- 
most in each pair. In a moist climate the natural dampness of 
the paper enables it to play the part of the acidulated cloth 
layers in Volta’s pile. 

608. Voltaic Cell. A cell having a plate of zinc and a plate 
of copper dipping in dilute sulphuric acid is known as a simple 
Voltaic cell, and several cells combined constitute a Voltaic or 
Galvanic battery. Since Volta’s day many improved kinds of 
battery cells have been devised, some of which will be considered 
later (§§ 638-646). 

The two plates of a Voltaic cell are called the electrodes, and 
the terminals of the plates where the external wires are con- 
nected are called the poles of the cell. The copper terminal is 
at a higher potential than the zinc terminal and gives a positive 
charge, it is therefore called the positive pole, 
while the zinc terminal is the negative pole. 

On the other hand, the copper plate is some- 
times. spoken of as the negative electrode or electro- 
negative element in the cell and the zinc as the 
positive electrode or electropositive element, because 
electrons are transmitted through the acid of 
the cell from the copper to the zinc plate as 
though repelled by the copper and attracted Fig. 335. Electric 
by the zinc. circuit 

Electric Current in a Cell. Since the two poles of a Voltaic 
cell are at different potentials, an electric current is established 
when they are connected by a metallic wire just as . when the 
two coats of a charged Leyden jar are connected. This current, 
however, flows steadily instead of lasting only for an instant. 
The metallic wire together with the plates and liquid between 
them form a conducting circuit in which the positive direction 
of the current or that contrary to electron flow is from copper to 
zinc through the outside wire and from zinc back to copper inside 
the liquid of the cell. 

There are three principal evidences of the existence of the 
current; 

1. Heat is developed in all parts of the circuit. 

2. Every part of the circuit affects a magnetic needle brought 
near it. 
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3. Chemical action takes place at the surfaces of contact 
between the metal electrodes and the liquid. If the copper 
and zinc plates are in dilute sulphuric acid, bubbles of hydrogen 
gas appear at the surface of the copper plate, while the zinc plate 
is eaten away by the acid, and zinc sulphate is formed. 

All these phenomena cease at once when the current is inter- 
rupted, either by breaking the metallic connection between the 
plates or by separating the acid around one plate from that 
around the other by a non-conducting partition. 

609. Contact Potentials in a Voltaic Cell. When zinc is 
immersed in the acid there is what may be called a solution 
pressure, or tendency for the zinc to be dissolved and form zinc 
sulphate in solution, each atom of zinc carrying into the solution 
a positive charge. 

As the positively charged atoms of zinc pass into solution, 
the plate, losing positive charge with each one, becomes negative, 
while the solution becomes positive, in consequence of which 
there is an electrostatic force tending to prevent the positively 
charged zinc atoms from going into solution. Therefore when a 
certain difference of potential between the zinc and acid solution 
is reached there will be equilibrium between the electrostatic 
force and the solution tendency, and the zinc will cease to be 
dissolved. 

There is thus a definite difference of potential due to the contact 
of zinc and acid when there is equilibrium between them, and 
another due to the contact of copper and acid which is less than 
the former since the solution pressure of copper in the acid 
is less than that of zinc. 

610. Electromotive Force. The diagram of figure 336 repre- 
sents the relative potentials of the elements in a Voltaic cell. 
The liquid potential is uncertain because of difficulties in as- 
signing a definite potential to the acid. 

If the copper pole of the cell is connected to the earth, it 
comes to the earth potential or zero, and the zinc pole as tested 
by a quadrant electrometer is found to have a negative potential. 
On the other hand if the zinc pole is connected to the earth it 
will be at zero potential while the copper pole will be found to 
be positive; but the difference of potential between them will be 
the same in each case. 
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Every cell can produce a certain maximum difference in po- 
tential between its two electrodes^ and when this is reached 
there is equilibrium and the chemical action stops. 

The maximum difference of potential which a cell can produce 
is called its electromotive force; it is measured hy the difference 
of potential between the electrodes when there is no current and 
the chemical action has ceased. 

The electromotive force of a cell depends only on the chemical 
relations of the constituents of the cell 
and is therefore the same whether the 
plates are large or small. 

A small cell formed by dipping the 
tips of a zinc and of a copper wire 
into a single drop of acid will cause 
as great a deflection of a quadrant electrometer as a cell of the 
same kind with plates a foot square. 

A convenient abbreviation for electromotive force is E.M.F., 
or in equations the symbol E is commonly used. 

611, Hydraulic Analogy to Voltaic Cell. The following 
analogy given by Lodge is instructive. Two tall open vessels con- 



r 

Fig. 337 

taining water are connected by a pipe in which is a pump P 
driven by a weight W (Fig. 337). The water will flow from one 
vessel to the other until the back pressure on the pump due to the 
higher level of B just balances the force of the weight. The 
difference in level will be the same whether the vessels are large 
or small. The difference of level represents the difference of 
potential between the zinc and copper which is independent of 
the size of the cell, the pump with its driving weight is the 


B 

A 



Fig. 338 


Liquid Potential 




Copper Poientlai 


Zirtts Potential 


Fig. 336 
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electromotive force of the cell, which through chemical action 
can produce a certain definite difference of potential and no 
more. 

Figure 338 represents the state of things when the zinc and 
copper plates are connected by a wire, represented by the tube 
shown. The difference of pressure causes a flow through the 
tube from R to A, at the same time the level sinks in B and rises 
in A so that the difference in pressure on the two sides diminishes 
and is no longer able to balance the pressure of the pump, which 
therefore begins to act, forcing water from A to B; at the same 
time the weight W descends, supplying energy for the circulation, 
which will be maintained so long as the weight can move down- 
ward. 

Here it is seen that the electromotive force, represented by 
the power of the pump to produce pressure, is the same as before, 
but the difference of potential between the plates, shown by the 
difference between the levels of A and B is less than before. 
The work done by the pump in circulating the water is obtained 
from the weight, which loses potential energy as it descends. 
So in the Voltaic cell, the energy expended by the electric current 
is supplied by the chemical changes which take place at the electrodes. 

612 . Magnetic Effect of Current. In 1819 Oersted discovered 
that when a wire connecting the poles of a Voltaic cell was held 
over a balanced magnetic needle and parallel to it, the needle 
was deflected, the north pole of the needle moving toward the 
west when the current was from south to north, as in the diagram, 
while if the current was reversed the north pole of the needle 
moved toward the east. The effect was reversed when the wire 
was placed under the needle. 

This discovery aroused the greatest interest, as it was the 
first evidence of a connection between magnetism and electricity. 

613 . Electric Circuit. It was also found that the action was 
the same whatever part of the wire connecting the plates was 
brought near the needle, the deflection produced by the current 
in the middle of the wire being just as great as that near its ends. 

By this experiment also the direction of the current in the 
electrolyte may be shown to he opposite to that in the 'wire; for if 
two vessels are used coimected by a short tube containing the 
acid, and if a zinc plate is placed in one vessel and copper in the 
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other, as shown in figure 340, a magnetic needle will be deflected 
toward the west when placed under the wire connecting the 
plates, but toward the east when under the tube. The experi- 
ment shows that the current in the electrolyte is just as strong 
as that in the wire, but in the opposite direction. 

From experiments such as the above it is inferred that steady 
electric currents always flow in closed circuits and are equally 
strong at every point, and if the circuit is interrupted at any 
point, whether in the electrolyte or the wire, the magnetic action 
and all other current effects cease everywhere at almost the same 
instant. It is very much as when an incompressible liquid cir- 
culates in a closed tube, just as much liquid must pass any one 
section of the tube as any other during the same time. 



Fig. 339. Current and magnetic needle Fig. 340. Current in electrolyte 


614. Galvanometers. When a wire is bent into a vertical 
circle having its plane parallel to the direction of a magnetic 
needle balanced at its center, if a current is established in the 
wire all parts of it act together to deflect the needle, turning the 
north pole to one side or the other, depending on the direction 
of the current. An instrument which measures electric currents 
by the deflection of a magnetic needle is known as a galvanometer, 

615. Galvanometers Measure Current. Faraday showed that 
a galvanometer measures the quantity of charge transmitted per 
second, or what is called the current strength. For he found 
that when a Leyden jar was discharged through a sensitive 
galvanometer there was an instantaneous swing of the needle to 
one side, the amoimt of which depended only on the quantity of 
the charge; that is, the swing produced by forty turns of his 
electrical machine was the same whether the charge was held in 
a small jar at high potential or in a large Leyden battery at low 
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potential, and whether the wet string through which the discharge 
was sent was long or short. * 

It was also established by Faraday that when a constant cur- 
rent flowed through a galvanometer producing a steady deflection 
of the needle, the magnetic force on the needle due to the current 
was proportional to the quantity of charge transmitted per second. 

616. Unit Current. Instead of measuring 
electric currents by the quantity of charge 
in electrostatic units transmitted per second, 
it is found better to adopt a new system of 
units based on the magnetic effect of a cur- 
rent and using magnetic units as already 
defined. This system is known as the C. G. S. 
electromagnetic system, since it also is based 
on the centimeter, gram and second. 

In this system a unit current is one which, 
flowing in a circular coil of one centimeter radius, will act on a unit 
magnetic pole at its center with a force of one dyne for every centimeter 
of wire in the coil. 

The Ampere or Practical Unit of Current. The unit of current 
in the practical system is called the Ampere in honor of the 
French physicist who first investigated the laws of the magnetic 
effects of currents. It is defined as one-tenth of the C. G. S. electro- 
magnetic unit current, being chosen smaller than the latter unit 
for reasons of convenience. 

The quantity of charge transmitted by one ampere in one 
second is called a couloml. One coulomb is equal to 3,000,000,000 
electrostatic unit charges as defined in § 540. 

617. Unit of Electromotive Force. In our studies of elec- 
trostatics it was shown (§ 571) that the difference between the 
potentials of two conductors might be measured by the work re- 
quired to transfer unit charge from one conductor to the other. 
Just so in the absolute electromagnetic system of units two points 
in a conductor are said to have unit diflerence of potential when 
one erg of work is required to transfer the C. G. S. electromagnetic 
unit quantity of electricity from one point to the other. 

Unit quantity of electricity in the C. G. S. electromagnetic 
system is of course the charge transndtted per second by unit 
current in that system. 



Fig. 341. Galva- 
nometer 
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The unit of potential in the electromagnetic system is found to 
be so small compared with the electromotive forces of ordinary 
battery cells that it was decided to adopt for ordinary use a unit 
one-hundred million times as great, called the volt in honor of 
Volta. 

The volt is the tmit of electromotive force in the practical system and 
is 10^ times as great as the C. G. S. electromagnetic unit of potential. 
It is much smaller than the electrostatic unit of potential de- 
fined in § 571, the latter being almost exactly equal to 300 volts. 

The electromotive force of the Voltaic cell is nearly 1 volt. 

618. Resistance. Let a circuit be made up of two battery cells 
A and B joined in series with some other conductors and a 
galvanometer, the two cells being so connected that their electro- 
motive forces act in the same direction. After observing the 
current strength as shown by the galvanometer, let the circuit 
be rearranged, taking the same components in any other order 
whatever. If the two electromotive forces still act together the 
current will be found the same as before, 
showing that the current strength is not 
affected by the particular order of the parts 
in an electric circuit. But if one cell is 
turned around so that its electromotive 
force opposes that of the other cell, then 
the effective electromotive force in the cir- 
cuit will be the difference between the elec- 
tromotive forces of the two cells instead of Fig. 342 

their sum as in the former case, and the 
current in this case will be smaller than before, just in propor- 
tion as the electromotive force is smaller. 

That is, the current strength is proportional to the effective 
electromotive force; or, in other words, the ratio of the electro- 
motive force to the current strength in a given circuit is a con- 
stant^ which depends only on the make-up and physical condition 
(temperature, stress, etc.) of the circuit. This constant is called 
the resistance of the circuit and is not affected by the order in which 
the various conductors^ cells, etc., are connected, nor by the direction 
in which the current flows through them. 

This relation, established by the German physicist, G. S. Ohm, 
is known by his name and may be stated as follows : 




430 


ELECTRODYNAMICS 


Ohm/s Law: The ratio of electromotive force to current in a 
given circuit is a constant which may be called the resistance of 
the circuit. 

jEj 

Or, in symbols, -j R — a constant 

where E represents the electromotive force, I the current, and R 
the resistance of the circuit. 

It is also established by experiment that each battery cell and 
piece of wire or other conductor has a definite resistance which 
belongs to it individually and depends only on its temperature and 
state of stress (provided that the same two points on the conductor 
are always used in making connection with the rest of the circuit) ; 
and when the several parts of a circuit are joined together one 
after another, in series as it is called, the resistance of the whole is 
the sum of the resistances of the several parts. 

619. Unit of Resistance. In honor of the discoverer of this 
law the unit of resistance in the practical system is called the ohm; 
it is the resistance of a circuit in which an electromotive force of 
one volt will produce a current of one amfiere. 

Ohm’s law may then be expressed in units of the practical 
system, thus: 

_ . , Electromotive force in volts 

Current zn amperes — — : : 

Res%stance vn ohms 

The electrical resistance of a conductor is analogous to the frictional 
resistance which a pipe offers to the flow of liquid through it. In both cases 
work done against the resistance appears as heat, and in neither case does 
the resistance have any tendency to produce a back current. 

620. Exception to Ohm’s Law. In gaseous conductors the 
ratio of the electromotive force to the current is not constant as 
in other conductors, but depends on the strength of the current. 

Chemical Eeeects oe Current 

621. Decomposition of Water. When a current of electricity 
is passed through dilute sulphuric acid (1 part acid to 10 of water), 
using platinum electrodes immersed in the acid, gas is given off at 
each electrode. The gases may be separately collected in tubes 
filled with the dilute acid and inverted over the electrodes as 
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shown in figure 343. The gas liberated at the positive electrode is 
found to be oxygen while that at the negative electrode is hydro- 
gen, and the volume of hydrogen is just twice the volume of the 
oxygen. These volumes are exactly in the ratio in which the 


gases combine to form water^ and on 
this account it was at first supposed 
that the current directly decomposed 
water. 

The decomposition of water in this 
way by the electric current was first 
accomplished in 1800 by Carlisle and 
Nicholson. 

622. Discovery of Potassium and Sodium. 
Sir Humphrey Davy, in 1807 by the use of a 
powerful battery of 250 cells, decomposed 
caustic potash, obtaining metallic potassium at 
the negative electrode. A fragment of caustic 



Fig. 343. ' Electrolysis 
of water 


potash slightly moistened was laid on a platinum 


plate which was connected to the positive pole of the battery; on touching 
the potash with a platinum, wire connected with the negative pole, minute 
globules appeared at the negative electrode which rapidly oxidized in air 
or took fire; these he recognized as a new metal which he named potassium. 
In a similar manner metallic sodium was obtained from caustic soda. 


623. Faraday’s Researches. About the year 1833 Faraday 
began the systematic investigation of the chemical effects of the 
electric current. 

Substances which are decomposed by the passage of the electric 
current he called electrolytes;, the electrode connected with the 
positive pole of the battery or that through which (according to 
ordinary convention) current enters the electrolyte was named 
the anode (Greek, inward path), while the electrode through which 
the current leaves the electrolyte was named the kathode (Greek, 
outward path) . The two constituents into which a molecule of the 
electrolyte is broken up were called ions (Greek, wanderers), 
that which is set free at the kathode being the kation, while that 
which appears at the anode was named the anion. 

624. Faraday’s Laws. The following are two important re- 
sults of Faraday’s investigations: 

1. The quantity of a given substance electrolyzed in a cell is 




432 ELECTRODYNAMICS 

proportional to the amount of charge or quantity of electricity 
which passes. 

2. If several electrolytic cells containing different substances 
are connected in series in the same circuit, the quantities of the 
ions set free at the electrodes are proportional to their chemical 
combining equivalents. 

625. Electrochemical Equivalents. The electrochemical equiv- 
alent of a substance is the quantity that is set free per second by 
a current of one ampere or by the passage of one coulomb of 
electricity. The following table gives the electrochemical 
equivalents of some well-known substances. It will be noticed 
that they are proportional to the combining equivalents. 


ELECTROCHEMICAL EQUIVALENTS 


StTBSTANCE 

Atomic 

Weight 

Valence 

Combining 

Equivalent 

F/,rf^TBorrr'.rTC v:. 

I’.f,*: r. a: i v;' 

(Jv.'f. i';:K ('■.i 

Kaiions 





Hydrogen 

1 

1 

1 

0.000010357 

Copper 1 

63.18 

2 

31.59 

0.00032840 

Silver 

107.7 

1 

107.7 

0.0011 1800 

Anions 





Oxygen 

16 

2 

8 

O.OOOOS2S3 

CMorine 

35.37 

1 

35.37 

0.0003071 


96,550 coulombs are transmitted when the number of grams liberated 
equals the combining equivalent of the substance. 


626. Primary and Secondary Actions. It is important to 
distinguish between the direct or primary effect of the current in 
electrolysis and the secondary chemical reactions that take place 
when the ions are set free. In illustration of this difference take 
the electrolytic apparatus containing dilute sulphuric acid, as 
described in § 621, and connect it in series with a precisely simi- 
lar apparatus containing a solution of sodium sulphate in water, 
colored by an infusion of purple cabbage. On sending a current 
through, both hydrogen and oxygen gases are set free in one cell 
exactly as in the other, and at the same time the coloring matter 
in the sodium sulphate solution turns red around. the positive 
electrode, or anode, and green around the negative electrode, or 
kathode, showing that the originally neutral salt has become acid 
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at the anode and alkaline at the kathode. Analysis shows that 
sodium hydroxide (NaOH) has appeared at the one electrode 
and sulphuric acid (H2SO4) at 
the other. 

It might seem at first that 
more decomposition was ef- 
fected by the current in one 
cell than in the other, in vio- 
lation of Faraday’s law, for 
equal amounts of gas are set 
free in both cells, and in 
addition the sodium sulphate 
in the second cell is decomposed, while the sulphuric acid in 
the first cell remains unchanged. 

But it is believed that the primary effect of the current is to 
separate precisely equivalent quantities of H2SO4 and Na 2 S 04 in 
accordance with Faraday’s law, the other changes being secondary 
chemical actions. 

Thus in the sulphuric acid cell the primary action of the current 
is to separate the H2 and SO4 ions; oxygen (O) is set free at the 
anode as the result of a secondary reaction in which the SO4 ion 
displaces the oxygen from a water molecule (H2O) and forms 
sulphuric acid (H2SO4), which remains in solution. 

In sodium sulphate the primary action of the current is to 
separate the Na 2 and SO4 ions. Then secondary reactions take 
place at both electrodes, the SO4 ions effect the liberation of 
oxygen at the anode exactly as in the other cell, while the posi- 
tively charged sodium (Na 2 ) ions pass to the kathode, where each 
combines with two molecules of water 2 (H 20 ), forming sodium 
hydroxide 2 (NaOH), which remains in solution, and setting free 
hydrogen (H 2 ), which gives up its positive charge and escapes at 
the kathode. 

These secondary reactions may be expressed symbolically thus: 

SO4 + H2O = H2SO4 + O 

Nas + 2(H20) = 2(NaOH) + H 2 . 

627. Theory of Electrolysis. The earlier explanations of 
electrolysis supposed the decomposition of the electrolyte to be 
effected by the electric current, but it is now believed that a" 



Fig. 344. Electrolytic cells in series 
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large per cent of the electrolyte is ionized, or broken into posi- 
tively and negatively charged ions, as a result of going into solu' 
tion, and that the electric force in the electrolyte is simply 
directive, causing the positively charged ions to move with the 
current and the negatively charged ions to move in the opposite 
direction through the solution until they reached the electrodes 
where their charges are given up and the molecules are set free 
in the neutral state. The current is supposed to be made up of 
the charges which are thus carried convectively by the moving 
ions. 

Hittorf showed that different kinds of ions moved through 
the electrolyte with widely different velocities, and measured the 
relative velocities of anions and kations in aqueous solutions of 
many different salts and acids. Kohlrausch, by measurement 
of the electric charges transmitted per second through these 
solutions, and assuming that the electric current is transmitted 
through the electrolyte wholly by the charges carried by the 
moving ions, has determined the actual velocities with which 
different kinds of ions move in aqueous solutions, and finds them 
proportional to the electric force, that is, to the fall of potential 
per centimeter in the solution. 

Some values found by Kohlrausch are given in the following 
table. 

Ionic velocities for a potential gradient of one volt per centimeter 

Kations Anions 

Na 45. X 10“^ cm./sec. Cl 69. X 10”® cm. /sec. 

H 320. N03 64. 

Ag 57. “ OH 182, 

628. Ionic Charges. Faraday’s laws show that every univa- 
lent ion carries a certain charge which is either positive or 
negative, depending on whether the ion is an anion or a kation; 
while bivalent and trivalent ions carry charges ±26 and ±36, 
respectively. 

It was suggested by Helmholtz that the charge e may be the 
atom of electricity from which all other charges are made up and 
of which they are therefore multiples. This is borne out by the 
experiments of MiUikan as we have already seen (§ 560). 

Like all other electric charges, these ionic charges are pro-^ 
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duced by electrons. Positive ions are those which have lost 
electrons. 

In the electrolysis of 1 gram of hydrogen 96550 coulombs of 
electricity are transmitted; and assuming that each atom of 
hydrogen carries the charge e equal in magnitude to that of the 
electron, we find that in 1 gram of hydrogen there are 6.06 X 10^® 
atoms. 

629. Polarization. At the electrodes where the ions are set 
free or enter into new combinations there are generally electro- 
motive forces, because at those points electric energy has to be 
spent to effect chemical changes. The resultant of these electro- 
motive forces is called the polarization of the cell. 

In case of the electrolysis of copper sulphate between copper 
electrodes the chemical change which takes place at the kathode 
is opposite to that at the anode: Cu and SO 4 are separated at the 
one and united at the other. Therefore, in such a cell there is on 
the whole no electromotive force of polarization. 

But if dilute sulphuric acid is electrolyzed between platinum 
electrodes there is an electromotive force developed against 
the current, or a back electromotive force of about 1.7 volts, and 
unless the battery employed has an electromotive force greater 
than this the current cannot be maintained. 

While the electrodes are thus polarized the cell is in reality 
a battery cell, and if it is disconnected from the main circuit and 
its electrodes joined by a conducting wire, a current is obtained 
opposite to that which caused the polarization. This current 
flows until the gaseous layers on the electrodes disappear. The 
cell is thus really a storage battery cell of very small capacity. 

All storage battery cells or accumulators depend on the elec- 
tromotive force of polarization. 

When dilute sulphuric acid is electrolyzed with a zinc anode 
and copper kathode, as in the simple Voltaic cell, more chemical 
energy is given out at the anode where zinc sulphate is formed 
than is absorbed at the kathode where hydrogen is liberated from 
the solution, and consequently, on the whole, energy is given out 
by the chemical changes instead of being required to bring them 
about, hence the electromotive force of polarization is with the 
current instead of against it, and the combination is called a 
battery cell. 
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630. Measurement of Current. Currents of electricity are conveniently 
measured by their electrolytic effect. In the instrument shown in figure 345, 



known as a voltameter, dilute sulphuric acid is electrolyzed 
between platinum electrodes, and the escaping gases are 
caught mingled together in the graduated tube above the 
electrodes. From the temperature, volume, and pressure 
of the collected gas its weight can be determined, and if 
the time during which the current was flowing is known 
the current can be calculated, since 1 ampere will set 
free in 1 minute 0.00559 gms. or about 12.2 c.c. of the 
mixed gases. 

631. Copper Voltameter. A more accurate instru- 
ment for the measurement of current is the copper 
voltameter, in which copper sulphate is electrolyzed 
between copper electrodes. From the gain in weight of 
the kathode while the current is flowing the amount of 
copper deposited per second is determined, and so the 
current is found from the electrochemical equivalent of 
copper. The form shown in figure 346 is convenient. 
The alternate plates are connected into one set and 
form the anode, while the intermediate plates form the 
kathode, so that each kathode plate is between two 


Fig. 345. Vol- anode plates. The number of plates used depends on 


tameter or Cou- strength of the current to be measured. To secure 


lomb-meter best results something like 40 sq. cms. surface per 

ampere is required in the kathode. 

632. Silver Voltameter. For standard determinations it is found that 
the most reliable results are obtained from a form of silver voltameter in 
which the liquid is a standard solution of nitrate of silver contained in a 


platinum cup which also serves as the 
kathode, while the anode is a rod of pure 
silver which dips into the liquid. The 
anode must be surrounded by a covering 
to prevent any particles of silver that may 
become loosened from the anode from fall- 
ing into the platinum cup. 

633. Electroplating. By means of the 
electric current metallic objects may be 
plated with gold or silver or other metals. 
Figure 347 shows a form of electroplating 
bath. The objects to be plated are hung 
on metal rods which are aU connected with 
the negative pole of the battery or dynamo 



Fig. 346. Copper voltameter 


which supplies the current. If silver is to be deposited, plates of silver 
coimected with the positive pole are hung in the bath between the objects 
which are being plated, so that while silver is being deposited the anode 
plates lose an equal amount and the strength of the solution is maintained 
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constant. The thickness of the deposit will generally be greater on project- 
ing parts of the object plated and on parts that are nearer to the anode plate. 

PROBLEMS 

1. If in a copper voltameter the kathode plates gain 1.50 grms. of copper 
in ten minutes, find the average current strength in amperes. 

2. How many grams of hydrogen and of oxygen are set free when 1 grm. 
of "water is decomposed by electrolysis; and how many cubic centimeters 
of each of these gases will there be at 0° C. and 76 cms. pressure? 

3. How many coulombs of electricity will be required to effect the 
decomposition in the previous problem, and how long a time must a current 
of 0.5 ampere flow to accomplish it? 



Battery Cells 

634 . Battery Cells. A battery cell is a combination in which 
electromotive force is produced by chemical action. The simple 
cell of Volta is the earliest type, but it has important practical 
defects. 

An ideal cell will have: 

1. Small resistance. 

2. Large electromotive force. 

3. A constant electromotive force whatever the current. 

4. No local action or wasteful chemical action. 

635 . Resistance of Battery Cells. When the electrode plates 
are large and close together the resistance of the cell is small; 
while if the plates are very small the resistance of the cell may 
be so great that even when the poles are short-circuited or con- 
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nected by a short copper wire offering very little resistance, the 
current will be extremely small. 

Cells from which large currents are to he obtained mtist, there- 
fore^ have large plates separated by a comparatively thin layer of 
electrolyte. 


636. Local Action. If commercial zinc is used in a Voltaic cell hydrogen 
gas wiU be given off at the surface of the plate as soon as it is placed in the 
acid and before it is connected with the copper plate. This is 
accompanied by a corresponding wearing away of the zinc and 
formation of zinc sulphate, which goes into solution. This 
wasting of the zinc is called local action and is due to impuri- 
ties. Suppose that a particle of iron or carbon imbedded in 
the surface of the zinc is in contact both with the zinc and 
acid; it forms a minute Voltaic cell, in which the current 
flows from the iron or carbon to the zinc and through the 
add from zinc to iron again, ‘as indicated in the figure, and 
zinc is eaten away near the impurity and hydrogen set free 
at its surface. 

To prevent local action the zinc surface is freshly amalgamated with 
mercury, which dissolves the zinc, covers up the impurities, and presents a 
homogeneous surface to the acid. 



Fig. 348. 
Local action 


637. Polarization. When the poles of a simple Voltaic cell 
^e connected by a wire, the current does not remain constant 
but rapidly decreases in strength. 

^ This weakening of the current is due to polarization. The 
hydrogen set free at the copper electrode forms a sort of gaseous 
layer over the plate which interferes with the action of the cell 
in two ways. In the first place, the resistance of the cell is in- 
for the flow of electricity is interfered with by the 
bubbles of gas. In the second place, the electromotive force of 
the cell ts diminished, for the hydrogen layer is much more like 
“ Its relation to the acid than is the copper which it covers. 

I his difficulty IS most effectively met by the use of two 
electrolytes. 


S®*=oridary Battery Cells. Cells such as 

ffiak ni ' v""? in obtained from the chem- 

icals of which the cell was originally constructed are known 

primary cells, while cells in which the chemical state neces- 
fh7 production of a current is produced by sending 

ough the cell a current from some outside source for a cer- 
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tain length of time, are known as secondary batteries^ storage 
cells j or accumulators . 

A few of the cells most commonly used in practice will now be 
considered. 

Primary Battery Cells 

639. The Daniell Cell. One of the first and most useful two 
fluid cells was devised by Daniell in 1836. It consists of a copper 
electrode immersed in a solution of copper sulphate and an 
electrode of amalgamated zinc immersed in 
dilute sulphuric acid, the two being separated 
by a partition of porous earthenware. In 
figure 349 the copper electrode with its solu- 
tion is represented as contained in a cup of 
porous earthenware surrounded by the zinc 
and dilute acid. 

When the circuit is closed, the positively 
charged zinc atoms pass into solution form- 
ing zinc sulphate with the negative SO 4 
ions, while the positively charged hydrogen 
ions (H2) in the acid move toward the copper 
plate, passing through the porous cup by 
diffusion and forming sulphuric acid (H2SO4) with the negative 
SO4 ions from the copper sulphate, and displacing the positive 
copper ions (Cu) which give up their charges and are deposited on 
the copper plate. 



cell 


In the dilute acid Zn + H2SO4 = ZnS 04 + H2. 

In the copper sulphate H2 + CUSO4 = H2SO4 + Cu. 

Thus zinc is dissolved and zinc sulphate formed, copper sul- 
phate is used up and copper deposited on the copper electrode. 
There is no hydrogen layer formed on the copper and conse- 
quently no polarization. The electromotive force of this cell is 
about 1.08 volts. 


640. Gravity Cell. A form of Daniell cell which has been extensively 
used in telegraphy and is still much used where a small constant current of 
electricity is required is the gravity cell, so called because the liquids are kept 
separate by gravity alone, the denser copper sulphate solution resting at the 
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bottom of the cell, while the lighter acid or zinc sulphate solution floats 
above it. 

If the gravity cell stands without being used the copper sulphate diffuses 
gradually up into the acid above and copper is deposited on the zinc, causing 

extensive local action. A small current, 
sufficient to balance the diffusion, should 
always be kept flowing while the cell is 
set up. 

641. Leclanche Cell. This very useful 
form of cell has a zinc and a carbon elec- 
trode. The carbon is packed in a porous 
cup with a mixture of fragments of carbon 
and black oxide of manganese; the zinc 
electrode is in a strong solution of ammo- 
nium chloride (sal ammoniac) which sur- 
rounds the porous cup. 

The hydrogen which would polarize the 
carbon electrode combines with oxygen 
from the manganese dioxide and forms 
water. But as the depolarizing agent is 
in the solid form its action is slow, and the cell polarizes temporarily. It 
is extensively used, however, for open-circuit work, such as for bells, 
annunciators, and clocks, where a steady current is not required. It is 
entirely free from injurious or disagreeable fumes, there is but little local 
action, and no trouble from diffusion, so that the cells may stand set up for a 
year or two without attention, and ready for use 
at any instant. Its electromotive force is about 
1.40 volts- 

The chemical changes in this cell are: 

2 NH 4 + MnOo = 2 NH 3 -f- H 2 O + MnO 
2C1 + Zn = ZnCla. 

642. Dry Cells. The so-called dry cells are 
ordinarily a form of Leclanche ceU. The outer 
cylindrical cup forms the zinc electrode which is 
lined with thick absorbent paper and packed with 
the pulverized manganese dioxide and carbon 
mixture surrounding the central carbon rod. The 
whole is saturated with ammonium chloride solution 
and sealed with pitch to keep it from drying out. 

Secondary Cells 

643. Grove’s Gas Battery. The English physicist Grove 
showed that when in the decomposition of water long electrodes 




Fig. 350. Gravity or crow- 
foot cell 
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were used, extending to the tops of the tubes in which the gases 
were collected, as in figure 352, on changing the switches ss^ to 
the dotted positions, thus disconnecting the battery B and simply 
joining the two electrodes together through a galvanometer G, 
a current was obtained which was in the opposite direction to the 
decomposing current. At the same time a gradual recombina- 
tion of the hydrogen and oxygen took place until these gases had 
entirely disappeared. 



Long electrodes were necessary since each electrode must pass 
through the surface where the gas and electrolyte meet. 

644. Plante Cell. If a current of electricity is sent through 
a cell consisting of two plates of sheet lead in dilute sulphuric 
acid it becomes polarized, one plate becoming oxidized while 
hydrogen is set free at the surface of the other, reducing any 
oxide that may be there. 

In the year 1860 Plante, a French physicist, found that secondary cells 
of large capacity could be made in this way. His method was to send a 
current through the cell in one direction until one plate was well oxidized, 
after which the cell was discharged and then charged by a current in the 
opposite direction, thus oxidizing the other plate and reducing the oxide on 
the first to metallic lead in a spongy form. The cell was then again dis- 
charged and charged with a current in the same direction as at first, and so 
by alternately charging and discharging, first making one plate positive 
and then the other, a deep layer of active material was formed on each plate. 
The plates were then said to be formed. 

645. Storage Cells — Accumulators or Secondary Batteries. Secondary 
battery cells, or storage cells as they are frequently called, have become 
extensively used in electric motor vehicles, in electric power plants, and in 
telegraphy. The plates are usually heavy lead grids full of holes or grooves 
containing the active material, which is either packed in them mechanically 
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or formed in them by some such process as that used by Plante. The 
positive plates contain a high oxide of lead, PbO^, while the active parts of 
the negative plate are of spongy lead. A cell is formed of a number of such 
plates, alternately negative and positive, as shown in the figure, set in a 
suitable vessel containing dilute sulphuric acid. The negative plates are 
connected together and form one set and the positive plates form another, 
there being one more negative than positive plate, so that each positive plate 
is between two negative ones. This is to prevent buckling or bending of 

the positive plate, for the forma- 
tion of oxide in charging is accom- 
panied by an increase in volume 
or swelling of the plate, which 
would warp it badly if it took 
place only on one side. 

The nearness of the plates to 
each other and the large surface 
obtained by using a number of 
plates cause the resistance of the 
cell to be very small. The greater 
the number and size of the plates 
in a cell the larger the current that 
can be sent through it without in- 
jury to the cell. About 1 ampere 
per 12 sq. in. of opposed surface is usually a safe rate of discharge. 

The commercial importance of such storage cells is due in part to their 
extremely small resistance and to the fact that they are renewed not by means 
of costly chemicals, but by a current obtained from a dynamo machine 
driven by an engine or by water power. They can be used, therefore, to 
store the superfluous energy of a power plant at times when but little power 
is used and give it back again in times of need. 

The electromotive force of this type of storage cell is about 2.10 volts. 

The chemical changes in such a cell are as follows: 



Fig. 353. Storage cells 


Discharging 

Positive plate Pb 02 + Ho -f- H 2 SO 4 PbS 04 +- 2 PI 2 O 4 

Negative plate Pb + SO4 PbS04. 

Lead sulphate is thus formed at each plate. 

Charging 

Positive plate PbS04 + SO4 + 2H2O =* Pb 02 + 2H2SO4 

Negative plate PbS 04 + Ho = Pb + H2SO4. 

646 . Edison Storage Cell. A form of storage cell has been devised by 
Edison in which the active materials of the electrodes are the oxides of 
nickel and iron, respectively, the electrolyte being a solution of caustic 
potash in water. A battery of these cells weighs about one-half as much as 
the eqmvalent lead cells. The cells are very durable and are not so easily 
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injured as lead cells by overcharging or leaving uncharged. Its disad- 
vantages are a lower and less constant voltage and a much greater tem- 
perature coefficient than exist with the lead storage cell. 

Modes of Connecting Cells 

647. Battery Cells in Series. When battery cells are con- 
nected as shown in the figure, the positive pole of one being 
joined to the negative pole of the next, they are said to be joined 
in series^ and the electromotive force of the combination is the 
sum of the electromotive forces of the several cells. As the whole 
current must pass through each cell 
the resistance of cells joined in series 
is the sum of the resistances of the 
separate cells. 

Suppose that three cells, each with 
electromotive force e and resistance r, are connected in this way 
with an external resistance R. The total electromotive force is 
de and the resistance is Sr + R so that by Ohm's law, 

7 = _ „ (for 3 cells in series) 

Sr i- K 

where I is the current. 

This arrangement is advantageous when the external resist- 
ance R is large and a large electromotive force is required. 

Battery cells in series n^ay be likened to a series of pumps, 
the first of which lifts water to a certain level where the second 
takes it and lifts it to the next higher level and then the third 
raises it again to a still higher level, etc. 

648. Battery Cells in Parallel. If cells are joined together 
as shown in figure 355, all the copper poles being connected 
together for the positive pole and all 
the zincs for the negative, they are 
said to be joined in parallel. 

Such a combination has precisely 
the advantage that a large cell has 
over a small one. Its electromotive force is the same as that of 
one cell, while its resistance is less — a combination of four sim** 
ilar cells joined in this way having only one-fourth the resistance 
of a single cell. 



Fig. 355 



Fig. 354 
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Only similar cells should be joined in parallel, otherwise a cell 
of smaller electromotive force may have a reverse current sent 
through it by a stronger cell. 

This mode of arrangement is useful when the external resist- 
ance in the circuit is much smaller than that of a single battery 
cell or where the current to be obtained is more than can ad- 
vantageously be transmitted through a single cell. 

Cells in parallel may be likened to a set of pumps which are 
all lifting water from the same lower canal to another at a higher 
level. 

649. Combined Series and Parallel Arrangement of Cells. 
Several similar series of cells may be combined in parallel as 

shown in figure 356, where two 
series of three cells each are con- 
nected in parallel. It will be 
observed that the resistance of 
each of the rows is Sr and the 
electromotive force of each row 
is Se. The resistance of the two 
3r 

rows in parallel is then — or one- 

half that of the row, while the electromotive force of the com- 
bination is the same as that of a single row. The expression 
for current is then, for this particular arrangement, 


c z c z c z 



I = 


3e ^ 



A square arrangement, where the number of cells in each row 
is the same as the number of rows, will have the same resistance 
as a single cell. 

If a given number of cells are to be combined so as to give the 
maximum current through a given outside resistance^ use that 
arrangement which will make the battery resistance most nearly 
equal to the external resistance. 

Commercial types of storage battery cells have such small 
resistances that except where very large currents are required 
they are connected in series. If large currents are to be obtained, 
several series of cells are arranged in parallel so that the current 
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through each series will only be such as the cells are adapted 
to transmit without injury, and in each series as many cells are 
used as are necessary to give the required electromotive force. 

PROBLEMS 

1. If two gravity cells and one Leclanche cell are joined in series with a 
coil of wire having a resistance of 5 ohms, what current is obtained, when the 
gravity cells have a resistance of 2 ohms each, while the Leclanche cell has 
resistance 0.4 ohm? 

2. Find the current when the zinc pole of a gravity cell of 2 ohm resist- 
ance is connected to the zinc pole of a Leclanche cell of 0.5 ohm resistance 
while their other poles are connected by a wire of 1 ohm resistance. 

3. Reverse the gravity cell in problem 2 so that its copper pole is con- 
nected to the zinc pole of the Leclanche cell, the other poles being connected 
by the 1-ohm wire, and find the current as before. 

4. Make a diagram of two gravity cells of 2 ohms resistance each, 
connected in parallel to a coil of wire having 1 ohm resistance, and show 
what is the current in the wire and what is the current through each cell. 

5. What is the electromotive force and internal resistance of a combina- 
tion of 12 gravity cells, consisting of three series of four cells each, the three 
being connected in parallel? Take resistance of each cell 2 ohms and its 
E.M.F. 1 volt. 

6. When the terminals of the battery described in problem 5 arc con- 
nected by a wire having a resistance of 3 ohms, find the current in the wire 
and also in each cell. 

7. If a single storage cell has an electromotive force of 2 volts and a 
maximum permissible discharge rate of 10 amperes, how many such cells 
will be required and how arranged to give a current of 30 amperes and have 
an electromotive force of 50 volts? 

8. If the cells in the last problem each have a resistance of 0.01 ohm, 
■find what is the smallest resistance that can be permitted in the outside 
circuit. 

9. How many gravity cells having a resistance of 2 ohms and E.M.F. 

1 volt each, will be required to light a 50-volt incandescent 16-candIe-power 
lamp which has a resistance of 50 ohms and requires 1 ampere of current, 
and what arrangement wiU require the smallest number of cells? 

Note: The smallest number will be required when the battery resistance 
is equal to the external resistance. 

Fall oe Potential and Resistance 

650. Fall of Potential along a Circuit. In every electric 
circuit there is a gradual decrease of potential along the external 
circuit from the positive to the negative pole of the battery. 
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Faraday showed that in all parts of a simple undivided circuit 
the current is of the same strength. Therefore, except at points 
where electromotive forces are introduced, the potential must 
everywhere gradually change from point to point, for there is 
no current between points at the same potential. In figure 357 
is shown a circuit with a corresponding diagram of potentials, 
the potential at each point of the circuit being represented on 
the diagram by the vertical distance from the base line to the 
upper curve. Starting at C, it will be observed that the po- 
tentials steadily diminish till the zinc pole is reached at Z, 
where the lowest value is found. But passing from the zinc 




Fig. 357. Circuit and diagram of potentials 

into the acid the potential is raised to its maximum at A by the 
chemical action; here there is an electromotive force and con- 
sequently a sudden change in potential. In the acid the poten- 
tial again steadily falls as we pass from zinc to copper, until at 
the surface of the copper there is another electromotive force and 
a consequent sudden drop in potential bringing us again to the 
starting point at C. 

If in the diagram AE is laid off equal to £C, then EZ is the 
difference of potential which represents the total electromotive 
force of the cell, for it is the difference between the two oppositely 
directed electromotive forces AZ and BC, and the fall of potential 
from ^ to is equal to that from E to C. It is therefore clear 
that total fall of potential around the circuit, including that 
which takes place within the acid as well as that in the outside 
circuit, is equal to the total electromotive force of the cell. 

It will be noticed that CD, the difference of potential between 
the two poles, is equal to the fall of potential in the external circuit, 




FALL OF POTENTIAL 


447 


and is therefore less than the total electromotive force of the cell when- 
ever there is any current flowing, for there is then a fall of potential 
within the cell itself from A to B. 

651. The Potentiometer. A very useful way of comparing 
potentials is by means of the potentiometer, a simple form of 
which is shown in figure 358. A wire of high resistance AB has 
the battery C connected to its terminals so that a steady current 
flows in it. If the wire is uniform, there is a uniform fall of poten- 
tial along it from the end connected to the positive side of the 
battery to that connected to the negative side just as shown in 
figure 357. If the negative pole of a cell D, whose potential must 



D 


Fig. 358. Potentiometer 

be less than that of C, is connected to A and its positive pole is 
connected through a galvanometer G to the sliding contact E, it 
will be found on sliding the contact back and forth along the 
resistance wire that there is a particular position of the contact 
for which the current in the galvanometer is zero. This can only 
be true when the potential of the cell D is exactly balanced by 
the potential drop along that part of the resistance wire included 
between its terminals, marked AEin the figure. Furthermore, if 
the resistance wire is uniform it is clear that the potential of a 
cell balanced in this way is proportional to the length of the slide 
wire included between the terminals of the cell, and, therefore, 
the ratio of any two voltages balanced in this way is equal to the ratio 
of the two corresponding lengths intercepted on the slide wire. For 
instance, if one cell has its voltage balanced in this way and then 
this is removed and a second one has its voltage so balanced, 
the ratio of these two voltages is equal to the ratio of the slide 
wire readings. By this method the potential of a cell may be 
accurately determined by comparing it with that of a standard 
cell whose voltage is exactly known. 
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652. Ohm’s Law Applied to Part of a Circuit, 
seen (§ 618) that in any whole circuit 



It has been 


( 1 ) 


where E is the electromotive force in the circuit and i? is a 
constant known as the resistance of the circuit. Similarly in 
any part of a circuit such as that between 
A and B (Fig. 359) the current I is propor- 
tional to the difference of potential between 
those points and may be written 



7 = ^ 
r 


or 


It ^ P 


( 2 ) 


where P is the drop in potential between A 
Fig. 359 ^ ^ resistance of that part of 

the circuit. 

When there is no source of electromotive force, such as a battery 
cell, in a given portion of a circuit, the dif'erence of potential be- 
tween its ends in volts is equal to the product of the current in amperes 
by the resistance of that portion in ohms. 

When an electromotive force E is included in any part of the 
circuit considered, the difference of potential between the ends of 
that part may be written 

P — Ir E {E.M.F. in same direction as current) (3) 

or 

P = Ir E {E.M.F. acting against the current). (4) 


For Ir measures the drop in potential in the direction of the 
current, but when E is with the current it lifts the potential, as 
seen in the preceding paragraph. The sign of E is therefore 
opposite to that of Ir in that case. 

653. Resistances in Series. In a complete circuit made up 
of several conductors, having resistances r, ri, r<i, and including 
an electromotive force E, as in figure 359, the successive steps 
in potential may be written thus 


from A to B 

resistance = r 

P = Ir 

(5) 

from ^ to C 

resistance = ri 

Pi = In 

(6) 

from C to i4 

resistance = ^2 

Pa = 7^2 - E 

(7) 
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The sum P + Pi + P 2 is evidently the total change of poten- 
tial around the circuit from A around to A again, but this must be 
zero for it ends at the same potential as it began. Therefore, 
adding 5, 6, and 7 we have 

Ir + Iri + 7^2 — P = 0, 

but this may be written 

1 = ^ . 

r + + ^2 

E 

and by Ohm’s law 

R 


hence R — r ri + i.e.^ the resistance of several conductors 

connected in series is the sum of their separate resistances. 

654. Combining Resistances in 
Parallel. Let three conductors 
having resistances ri, ^ 2 , rz be 
joined in parallel in a battery cir- 
cuit as shown in figure 360. It 
was shown by Faraday that the 
sum of the currents in the branches 
is equal to the total current I before it divides, 

I I 1 + I 2 + h- (1) 

But the drop in potential from A to B must be the same along 
either branch. Letting P represent this drop we have 



Fig. 360 


1 ^ = 1 J2 = - 

ri r2 

Therefore by (1) 

P P P 
7=-+-+-=P 

- ri ^2 rz 


Is = — 


p (- + - + -)• 

Vi r 2 rzj 


But if R is the effective resistance of the three branches combined 



R 


l + l + i 

ri r2 . rz 


Therefore 
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The reciprocal of the resistance of a conductor is called its 
conductance, hence the sum of the conductances of several con- 
ductors joined in parallel is the conductance of the combination. 

If the three resistances above considered are equal the com- 
bination will have one-third the resistance of one alone. 

655. Galvanometer Shunt. It frequently happens that a 
current is to be measured by a galvanometer adapted to smaller 
currents. In such a case a wire S of suitable resistance, called 

a shunt (Fig. 361), may be connected across from 
one galvanometer terminal to the other. The 
current then divides between the shunt and 
the galvanometer. If the resistance of the gal- 
vanometer is just 9 times that of the shunt 
used, the current will divide in the ratio 1:9, 
so that one-tenth of it flows through the galvanometer and nine- 
tenths through the shunt. 

656. Resistance of Wires and Specific Resistance. The 
resistance of a wire or of any conductor of uniform cross section 
increases with its length and is inversely proportional to its cross 
section. The results of the last two articles show that this is so. 
For if the cross section of a conductor is doubled it is equivalent 
to two of the original conductors side by side in parallel, and 
hence by § 654 the resistance is one-half as much as before. 

The resistance of a cylindrical conductor of a given substance 
one centimeter long and one square centimeter in cross section 
is called the specific resistance of that substance, or its resistivity. 

When a wire of length I and cross section is made of a sub- 
stance having resistivity p, its resistance R is given by the formula 


R = 


pi 


657. Resistivities. The curves given in figure 362 show 
the specific resistances of certain pure metals and alloys and also 
the variation of the resistances with temperature. 

If the curves for the pure metals are produced it will be found 
that they intersect the base line in the region of the absolute zero 
( — 273°). The experiments of Onnes on the resistance of gold, 
silver, mercury, lead and tin at very low temperatures show that 
as the temperature is lowered they approach zero resistance at 
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a point a few degrees above the absolute zero, the change being sud- 
den at the last. The resistance of mercury, for example, de- 
creases slowly from 4.41° to 4.21° above the absolute zero, it 
then rapidly diminishes and practically disappears at 4.19°. The 
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Temperatures 
Fig. 362 

following table shows some specific resistances at 0° C. in mil- 
lionths of an ohm with the corresponding increase in resistance 
per ohm when the temperature is raised from 0° to 100° C. (From 
Dewar and Fleming.) 

SPECIFIC RESISTANCES AT 0° C. 


Substance 

Millionths op an Ohm 

Increase per Ohm prom 

O'* TO 100“ C. 

Platinum 

10.917 

0.367 okm 

Silver 

1.468 

0.400 

Copper 

1.561 

0.428 

Iron 

9.065 

0.625 

Nickel 

12.323 

0.622 

Lead 

20.380 

0.411 
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The resistance of carbon decreases with rise of temperature 
instead of increasing, so that the filament of an incandescent 
lamp may have only one-third as much resistance when hot as 
when cold. 

The resistivities of alloys cannot in general be calculated from 
those of their constituents, but are often much greater than 
would be expected. The temperature coefficients of German 
silver, platinoid, and manganin are much less than those of pure 
metals ; for this reason as well as for their large specific resistances 
these substances have been used extensively in making resistance 
coils. 

For small ranges of temperatures the resistance, R^, of a con- 
ductor at a temperature t"" C. may be expressed by the approxi- 
mate formula, Rt = Ro (1 + oit) where Rq is the resistance at 
0° C. and a is a constant known as the temperature coefficient 
of resistance. It is the fractional change of resistance for a 
temperature change of 1° C. 

Alloys Temperature Coefficients 

German-silver (Cu 50, Ni 26, Zn 24). . 0.00040 

Platinoid (Cu 60, Ni 14, Zn 24, Tg 2). 0.00022 

Manganin (Cu 84, Ni 12, Mn 4) 0.000001 

658. Standard Resistance. Standard resistances are made 

of wire having a small tem- 
perature coefficient and not 
otherwise subject to change. 
The best coils are made of 
manganin. The coil is pro- 
vided with heavy copper 
terminals of almost negli- 
gible resistance, and is so 
mounted that it will quickly 
take the temperature of 
the oil bath in which it is 
immersed, and by which its 

Fig. 363. Standard of resistance temperature is maintamed 

constant. 

659. Resistance Boxes. Boxes .of coils having different re- 
sistances are made so as to be conveniently used in measure- 
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ments, as shown in figure 364. On the hard-rubber top of the 
box are mounted a number of blocks of brass which can be con- 
nected by brass plugs fitting between them. Within the box 
are the resistance coils wound 
on spools, one end of a coil 
being soldered to one block 
and the other end to the next 
one so that one coil bridges 
each gap. The external circuit 
is connected at the terminal 
binding screws, and when all 
the plugs are in^ the only 
resistance is that of the brass 
blocks and plugs themselves. 

But if a plug is pulled out the current must then flow through 
the coil joining the blocks, and accordingly that resistance is 
introduced. 

660 . Rheostats, Coils of wire so mounted that they can easily be 
thrown into or out of a circuit to regulate the strength of current without 
particular reference to measurement are known as rheostats. A convenient 
form is shown in figure 365, where, as the radial arm is moved around the 
dial from block to block, one coil after another is added to the circuit until 
as many as may be desired are thrown in. 

661 . Wheatstone’s Bridge. If a current from a battery E 
(Fig. 366) divides between the two conductors ACB and ADB, 
the resistances of these branches may be very different and con- 
sequently the current in one may be much larger than in the 
other, but as they both start at the same point A and end to- 
gether at B, the fall in potential must be the same in each, and 
corresponding to any point, such as C in the one, there must be 
a point D in the other where the potential is the same. 

If p, q, r, .s are the resistances of the four segments, AC, CB, 
AD, DB then it may be shown that p :q ::r :s. 

Let /i be the current in the upper branch and 1 2 that in the 
lower branch, then Iip is the drop in potential from A to C and 
is equal to l 2 r the drop from A to D, thus 

hp = l2r, 
hq = I 2 S 



so also 


( 1 ) 

( 2 ) 
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and dividing (1) by (2) we find 


p r 
s 



Fig. 365 Fig. 366 


662, Slide Wire Bridge. The relation just demonstrated is 
made use of in the comparison of resistances, a convenient device 
for the purpose being the slide wire bridge shown in figure 367. 

« Suppose p is some coil of 

Iq ^ ^ wire whose resistance is to 
rU^ measured by comparison 

[—1 \ with a standard resistance 

box q. The current from 

-y ' the battery E divides at A, 

(( )) part flowing through the 

— ::<= ^ branch ACB which consists 

Fig. 367. Slide wire bridge ^lie two resistances to be 

compared, p and con- 
nected by thick copper strips of extremely small resistance, 

while part flows through the branch ADB which is a uniform 
wire stretched along a graduated scale. 

A sensitive galvanometer has one terminal connected at C 
midway between p and q while the other is attached to a slider 
which is moved along the stretched wire until the point D is 
found where there is no deflection of the galvanometer, showing that 
C and D are at the same potential. Then by the previous para- 
graph the resistance of p must be to that of q as the resistance 
of r is to that of 5, where r and 5 are the segments of the bridge 
wire on each side of D. But since the wire is uniform the re- 
sistances of r and .y are in the same ratio as their lengths, so that 
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the resistance of p is to that of q as the length of r is to the length 
of 5, and therefore p may be calculated by proportion when q is 
known. 

The resistances of the heavy copper connecting strips are so 
small compared with the resistances of p and q that they may 
ordinarily be neglected. 

663. Resistance Thermometers. The change in resistance of 
a coil of wire when its temperature is altered is used for the 
measurement of temperatures ranging from very low tempera- 
tures up to 1500° C. For small ranges of temperatures the 
approximate formula R^ = i?o(l + oit) (see § 657) may be used, 
and i can be found when Rt^ Rq and cc are known. 

Callendar was the first to use a coil of fine platinum wire for 
temperature measurements of extreme precision, obtaining re- 
liable results for changes of temperature as small as one-ten 
millionth of 1° C. 

PROBLEMS 

1. An electric car line has a resistance of 0.4 ohm per mile. What is the 
drop in potential in the line if a car 3 miles from the station is using 50 
amperes? 

2. If one car 1 mile from the station and another 2 miles from the station 
are each using 50 amperes, what is the drop in potential to the more distant 
car, resistance being as in preceding problem? 

3 . What external resistance when joined to a gravity cell having a 
resistance of 2 ohms wiU make the potential difference between the terminals 
of the cell 0.7 of its electromotive force? 

4. A gravity ceU of E.M.F. 1 volt and resistance 2 ohms, is connected 
with another battery by which a current of 1 ampere is made to flow through 
the cell from the copper to the zinc pole inside the cell. Find the drop in 
potential in the cell due to resistance, also the difference in potential between 
the two poles and which is at the higher potential. 

6. When the conditions are as in problem 4 except that the current 
flows through the cell in the opposite direction, find the potential difference 
between the poles and which is at the higher potential. 

6. When the current through the cell of problem 4 is | ampere, and flows 
through the cell from the zinc toward the copper pole, what is the potential 
difference between the two poles? 

7 . A gravity cell of resistance 2 ohms and E.M.F. 1 volt, a dry cell 
having a resistance of 0.5 ohm and E.M.F. 1.4 volts and a wire of resistance 
2.3 ohms are joined in series. Find the drop in potential due to resistance 
in each part of the circuit, also the potential ifference between the terminals 
of each ceU. 
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8. If the cells in the preceding problem are reversed so that one acts 
against the other, find the drop in potential in each cell and in the external 
resistance and the potential differences as before. 

9. What is the resistance of two conductors connected in parallel, one 
of 3 and the other of 10 ohms resistance? 

10. When a current of 31 amperes divides between three parallel con- 
ductors whose resistances are 2, 3, and 5 ohms, respectively, find the current 
in each branch, also the drop in potential in the parallel combination. 

11. What part of the whole current will How through a galvanometer 
having a resistance of 5 ohms if shunted by a wire of 0.1 ohm resistance? 


Energy and Heating Effect of Current 


664. Energy of a Current. When a current flows from a 
point where the potential is Fi to another point where it is V 2 , 
each unit charge that passes has less energy at the lower potential 
than at the higher, and the difference between the two must he 
the energy which in some form or other is spent between the two 
points; it may be in heat in the conductor, or in chemical action, 
or in doing mechanical work. When unit charge passes from 
Vi to F 2 (Fig. 368) the work expended is Vi — V 2 (§ 571). 
If Q units pass in t seconds the work is 

= e(Fi - F2) 


and the energy spent per second is 




Q 


But - equals I, the current, and the potential difference Vi — Vz 

t 

is represented by P. 

Therefore w 

7 = i(y^ - F2) = IP. 


Or, the energy spent per second in any part of a circuit is the 
product of the current strength hy the fall in potential in that part. 

If the current and potentials are measured in C. G. S. electro- 
magnetic units then the product will give the energy spent in ergs 
per second. When the current is in amperes and the potentials 
are in volts the energy per second is given in units called watts.* 

of named in recognition of the researches of James Watt on the power 
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Since the volt is 10® times the electromagnetic unit of potential, 
while the ampere is one-tenth the electromagnetic unit of cur- 
rent, it follows that one watt = 10^ ergs per second. 

Thus a watt represents a certain rate of spending energy per 
second, it is therefore a unit of power, and hears a definite ratio 
to other units of power. 

1 Horse-power — 746 watts = 550 foot-lbs. per second. 

665. Where Energy is Absorbed and Where Given Out. 

From the diagram (Fig. 368) it is seen that everywhere in the 
external circuit from C to Z the current flows from points of 



higher to lower potential, and is therefore spending energy. 
But there is a great rise in potential from the zinc to the acid at 
A; at this point the current must therefore receive energy from 
the chemical action which effects the transfer in the face of the 
opposing difference of potential. From A to B there is again a 
fall in potential and spending of energy within the battery cell, 
then at B there is a sudden drop of potential which shows that 
at that point also energy must be spent, but in this case against 
the chemical forces which at this point exert an electromotive 
force against the current. 

The only place where energy is absorbed by the current is at 
the surface of the zinc plate, and therefore the energy of the 
chemical action at the zinc plate supplies that which is spent in 
all other parts of the circuit. This conclusion is based on the 
law of the conservation of energy. 

At any point in the circuit where there is an electromotive force 
E, the energy taken in or given out per second, is IE, where I 
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is the current strength. The energy is absorbed if the current is 
with the electromotive force, and given out if the current is against it. 

666. Heating Effect of Current. Suppose a circuit, such as 
shown in figure 369, contains a battery B, a coil of wire of 
resistance r, a motor M, and a cell N containing some electro- 
lyte. Let P, Pi, and P 2 be the poten- 
tial differences between the terminals 
of the coil, the motor and the cell, 
respectively, when there is a current 
of I amperes. 

Then IP, I Pi, and I P 2 are the watts 
spent in the corresponding parts of 
the circuit. 

In the coil there is no electromotive 
force and therefore 

P = Ir and TF = /V. 

In this case there is no mechanical or chemical work done and 
all the energy is spent in heat. 

In the motor there is an electromotive force against the 
current as will be shown later (§ 752) and therefore 

Pi = Iri -f El and Wi = ZVi + lEi. 

The term Pri represents the power spent in heat while lEi 
is the power spent in driving the motor. 

In the third case, where there are chemical changes, there is 
usually also an electromotive force which may be either with the 
current, as in case of a battery cell, or against it, as in charging a 
storage cell; therefore, P 2 = Ir^ ± E^, 

and W 2 = ZV 2 zt IE 2 , 

Here, again, /V 2 is the watts spent in heat, while IE 2 is the 
watts spent in chemical work or received from chemical work 
as the case may be. (In which case is the sign to be taken 
plus?) 

The heating effect of a current of I amperes in a resistance of 
r ohms may always be expressed in watts by the formula 

W = Pr. 



Fig. 369. Composite cir- 
cuit including resistance, 
motor, and electrolytic cell 
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But 1 watt = 10' ergs per second, and 1 gram-calorie of heat is 
equivalent to 4.187 X 10”^ ergs, therefore, 4.187 watts = 1 gram- 
calorie of heat per second, and we have, 


heat hi gram-calories per sec. 


watts 

4.187’ 


Summary 

The total watts spent in any portion of a circuit, in which P 
is the fall in potential in volts and I is the current in amperes, 
is given by the formula 

W = IP, 

the watts spent in heat by 

W = /V, 

while the heat in gram-calories per second is expressed by 



667 . Electrical Calorimeter. The heat developed in a 
conductor may be readily measured by a calorimeter such as 
shown in the figure. A coil of wire is im- 
mersed in a non-conducting liquid (distilled 
water may be used) contained in a calo- 
rimeter which is screened from outside 
radiation. The current passing through 
the coil is measured, and also the differ- 
ence in potential of the two terminals, and 
so the electrical work can be calculated 
and compared with the heat developed, 
which is determined by the rise in tem- 
perature of the liquid in the calorimeter 
when its mass and specific heat are known. 

668. Incandescent Electric Lamps. In the 
ordinary incandescent lamp used in electric light- 
ing the current passes through a fine filament of 
carbon or tungsten enclosed in a glass bulb from 
which the air is thoroughly exhausted. The ends 
of the filament are joined to wires which must be 
of a special material where they are sealed into Fig, 370. Electrical 
the glass. This material must have the same calorimeter 
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coefficient of expansion as glass so the joint will not crack with changes 
of temperature. For many years platinum was used for this purpose but 
its use has been replaced by platinum substitute which is an alloy of iron 
and nickel. The essential requirements for the filament are strength and 
ability to withstand high temperature for a reasonable length of time. In 
the original incandescent lamp invented by Edison a carbon filament was 
used. Ordinary carbon lamps require about 3 watts per candle-power 
and operate at a filament temperature of about 1900° C., and though 
by raising the temperature of the filament the candle-power per watt is 
greatly increased, the filament rapidly volatilizes, blackening the bulb 
and finally breaks, ’ 

The carbon filament lamp has been almost entirely replaced by one with 
a tungsten filament because of its higher efficiency. This metal which has 
the very high melting point of 3400° C. was first produced in ductile form 
suitable for drawing into filaments about the year 1910. The tungsten 
filament in va.cuum is ordinarily operated at a temperature of about 2200° C. 
and requires about 1.35 watts per candle-power, but if its temperature is 
raised to 2800° C. it requires less than 0.5 watt per candle-power in vacuum, 
though it volatilizes so rapidly that the life of the lamp is short. When the 
bulb is filled with nitrogen or argon, however, the evaporation of the filament 
is only about 0.01 of what it is in vacuum, and so the lamp may be run profit- 
ably at the higher temperature. Such a nitrogen filled lamp may operate 
at a temperature of 2800° C. requiring something over 0.5 watt per candle- 
power. Filling the bulb with gas causes some loss of luminous efficiency due 
to conduction of heat away from the filament by the gas. The filament is, 
therefore, made of a rather closely wound helix, for the cooling effect of 
the gas is then much less than when the turns of the filament are widely 
separated. The most efficient incandescent lamp used is the moving picture 
gas-filled lamp which operates at a temperature of about 3000° C. with a 
power consumption of only about 0.45 watt per candle-power. 

Incandescent lamps are usually connected in parallel between two con- 
ductors as A and B (Fig. 371) which are maintained at a constant difference 
of potential by a c^namo or battery of low resistance. They are called 50- 
volt lamps when they are brought to their proper luminosity by a difference 
of potential of 50 volts between their terminals. 

The candle-power depends on the power supplied to the lamp and there- 
fore both on the current and voltage. Good tungsten lamps as ordinarily 
used have an efficiency of about 1.35 watts per candle-power, so that a 
50-watt lamp gives about 36 candle-power. 

Comparison of a 50-volt and 100- volt 50-watt lamp, is shown in the table: 


Voltage Current 

50 volts 1 ampere 

100 volts J ampere 


Resistance Power 

50 ohms 50 watts 

200 ohms 50 watts 


As the current in the 100-volt lamp is only one-half as great as in the 50- 
volt lamp there is only one-fourth as much loss in heat in wires of a given 
resistance leading to the lamps. 
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669. Incandescent Lamps in Series. The mode of connecting incan- 
descent lamps in parallel shown in figure 371 has the advantage that any 
one lamp can be turned on or off without particularly disturbing the others. 
But the current in the main wires is the sum of the currents in the lamps 
and, as the energy spent in the circuit is proportional to the square of the 
current, the loss of energy in the main wires will be serious unless they are 
large and of low resistance- For street lighting, lamps are commonly con- 
nected in series so that, however many lights there may be, the current in 
the conducting wires is no greater than for one lamp. There are two con- 
siderations which prevent this system from being used in house lighting. 
First, the potentials required are dangerous. If 30 lamps are connected in 
series and each requires 20 volts, the dynamo must have an electromotive 

Fig. 371. Lamps in parallel Fig. 372. Lamps in series 

force of 600 volts, and if a break or interruption of the circuit occurs at any 
point, the full difference of 600 volts will be experienced there. Second, if 
the filament of one lamp breaks it stops the current and all the lamps go out. 
This latter difficulty is overcome most ingeniously in street lighting by ar- 
ranging a little side circuit or by pass in each lamp which is complete except 
at one point where a sKp of paper is interposed. When the lamp is acting 
the current passes wholly through the filament; but if this breaks, the cur- 
rent is interrupted and immediately the whole electromotive force of the 
dynamo is brought to bear on the paper which is thereby punctured, per- 
mitting the current to pass through the side circuit. 

In street fighting large gas-fiUed tungsten filament lamps are used more 
than any other form of lamp because of their high efficiency and reliability. 

670. Electric Arc. In the year 1801, Sir Humphrey Davy, 
who had constructed an immense battery of 1000 cells, observed 
that when the terminal wires were touched together for an 
instant and then drawn apart the discharge took place through 
the air like a stream of fire from one pole to the other, and at 
the same time the tips of the wires were intensely heated. The 
effect was most marked when carbon rods were used for the 
terminals. When the discharge took place horizontally it was 
bent upward like a bow (on accoimt of the heated air rising) and 
so Davy called it the arc discharge. This tendency to curve 
out to one side is noticed in every long arc whatever its position. 
In arc lamps the carbons are only slightly separated, both tips 
are intensely heated, particles of carbon are carried across from 
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the positive to the negative carbon causing a crater-like cup on 
the end of the positive carbon while the negative carbon is 
pointed; the positive carbon also is used up about twice as fast 
as the negative. The point of most intense luminosity is in the 
crater of the positive carbon where the temperature is found 
to be about 3500"^ C. The difference in luminous power of large 
and small carbon arcs seems to be due to the greater extent of 
luminous surface in one than in the other, the actual brightness 
of the glowing surface being the same in all. 

An electromotive force of 40 volts is required to maintain an 
arc between carbons. The temperature of the arc is the highest 
that has been produced by artificial means. Copper, iron, gold, 
silver, and platinum, if placed in it, are melted and volatilized. 

671. Street Arc Lamps. Carbon arc lamps were Widely used at one 
time in street lighting because of their comparatively high efficiency. The 
tungsten filament gas-filled lamp has a still higher efficiency, and its only 
competitor in street lighting is the magnetite arc lamp, whose efficiency is 
about the same, that is, it consumes about 0.5 watt per candle-power. 
The so-called flaming arc has almost as good an efficiency and is sometimes 
used because of its brilliant orange light. The magnetite arc has the positive 
electrode made of copper and the negative made of magnetite or black oxide 
of iron mixed with oxides of titanium and chromium. The positive copper 
electrode is the upper one with the negative magnetite electrode below. 
The magnetite electrode alone is consumed, during which process it is further 
oxidized to the higher red oxide of iron. The flaming arc uses carbon elec- 
trodes with a core chiefly of calcium fluoride. Both of these types of arc 
differ from the ordinary carbon arc in that the light emitted comes largely 
from the luminous vapor between the electrodes, rather than from the 
electrodes themselves, which are much the brightest part of the carbon 
arc. Street arc lamps are provided with a special magnetic regulating 
device which keeps the electrodes just the right distance apart during 
operation. 

Arc lamps are connected in series for street lighting because a current of 
only 4 or 5 amperes is then needed; but as 75 volts must be allowed for 
each lamp, to operate 40 lamps on the one circuit an electromotive force of 
3000 volts is required; hence arc light circuits are dangerous. Lamps 
connected in this way have a device by which if the electrodes become 
caught and do not make the arc at all the current can still flow through the 
lamp. 

672. Search Lights. For large search lights the carbon arc is used and 
is so mounted that almost a point source of light is obtained from the 
intensely hot spot in the crater of the positive carbon. This makes it possible 
to produce a very concentrated beam when a reflector is used to direct the 
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light. Although the magnetite arc is more efficient, its light comes from a 
considerable area of luminous vapor distributed between the electrodes and 
the light therefore cannot be directed by a reflector without a scattering and 
a consequent loss of concentration. 

673. Electric Furnace. In the production of aluminum, carborundum, 
calcium carbide, high grade steel and many other materials, electric furnaces 
are employed. In these furnaces great carbons 2 feet in diameter are 
mounted and imbedded in the materials that are to be heated, the whole 
is surrounded by walls of brick or fire clay, and the electric arc is established 
between the carbons. Under the combined influence of the enormous heat 
and the electrolytic action of the current the desired transformations are 
wrought. 

PROBLEMS 

1. A current of 14 amperes divides between two branches, one of 2 ohms 
and one of 5 ohms resistance. Find the current in each branch, and the 
watts spent in each. In which resistance is the greater amount of heat 
developed per second? 

2. The terminals of a gravity cell of 2 ohms resistance and 1 volt E.M.F. 
are connected with a coil of resistance 3 ohms. Find the watts spent in 
heat in the coil and also in the ceU, also the total watts supplied by the 
cell. 

3. What must be the resistance of a coil of wire in order that a current of 
2 amperes flowing through the coil may give out 1200 gram-calories of heat 
per minute? 

4. If the difference in potential of the ends of a coil is 50 volts, what must 
be its resistance that 500 gram-calories of heat may be developed in it 
per second? 

5. Find the gram-calories per second developed in each of” two coils; 
one having resistance 3 ohms and current 6 amperes, the other a resistance 
of 4 ohms and a difierence of potential of 20 volts between its ends. 

6. How many horse-power must be expended to maintain 200 100- volt 
lamps in operation, each lamp taking J ampere of current and having a 
potential difference of 100 volts between its terminals? 

7 . How many horse-power are required to operate a series of 60 incan- 
descent street lamps in series, the current in each lamp being 3 amperes and 
the resistance per lamp being 7 ohms? 

8. In an electric railway having a total line resistance of 0.4 ohm per 
mile, what is the loss in horse-power in two miles of line when a current of 
50 amperes is being supplied to a distant car? 

9 . At 10 cents a kilowatt-hour what is the cost of heating 1000 liters or a 
cubic meter of water from 20° C. up to 90° C. by electricity? 
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Thermoelectricity 


674. Seebeck’s Discovery. In 1821 Seebeck, of Berlin, dis- 
covered that in a circuit made of two different metals if one 
junction is hotter than the other there is an electromotive force 
which causes an electric current. 

This electromotive force is gen- 
erally very small compared with 
ordinary battery cells, and conse- 
quently to obtain, much current 
the circuit must have very low 





resistance. For example, in the copper-iron circuit shown 
in figure 373 when one junction is at 100° and the other at 
0°, the electromotive force is about 0.001 of a volt and causes 
an electric current from copper to iron at the hot junction and 
from iron to copper at the cold one. The introduction of another 
metal does not make any difference provided the two junctions of the 

new metal are at the same temperature. 

For example, the electromotive 
force is the same in the three cir- 
cuits shown in figures 373 and 374. 

675. Thermopile. In order to ob- 
tain larger electromotive forces pairs 
of metals are combined in series to 
form thermopiles. The form devised 
by Nobili and used by Melloni in his 
researches on heat radiation consists 
of alternate strips of antimony and 
bismuth connected as shown in the figure, and carefully insulated 
from each other except at the junctions, where they are soldered 
together. These metals were chosen because they give a large 



Fig. 375. Thermopile diagram 
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electromotive force which acts from bismuth to antimony at the 
hot junctions and from antimony to bismuth at the cold. 

Rubens has improved the thermopile by using fine wires of iron 
and constantan (a nickel alloy) in place of antimony and bismuth. 
The mass to be heated in this case is very small so that it warms 
quickly when exposed to radiation. 

The thermopile is usually mounted in a metal case so that 
only one set of ends is exposed to the source of heat to be in- 
vestigated. If its terminals are connected to a sensitive galva- 
nometer of low resistance, it becomes an exceedingly delicate 
means of measuring heat radiation. 

676. Change of Thermoelectric Force with Temperature. 

If one junction of a copper-iron circuit is kept at 0° C. while the 
other is steadily raised in tempera- 
ture, the electromotive force is 
found to increase rapidly at first, 
then more gradually, reaching a 
maximum when the hot junction 
is at 260° C., after which the 
electromotive force falls off, be- 
coming zero at 520° C. If the o'" lOO'" ' 

junction is heated still hotter the Temperatures 

electromotive force reverses and fig. 376. Thermoelectric curve 
the current flows from iron to of e. m. f. of copper and iron 
copper at the hot junction. If 

the observations are plotted with the temperatures of the hot 
junction as abscissas and electromotive forces as ordinates a 
curve such as shown in figure 376 is obtained. It is a parabola 
and is perfectly symmetrical about the vertical line through its 
vertex, which corresponds to the temperature of maximum 
electromotive force. 

This reversal of the thermoelectric current was discovered 
by Gumming in 1823. 

If the cold junction is kept at 100° instead of zero the curve 
will be exactly the same except that the origin of coordinates 
will be moved from 0 to A, and electromotive forces will now be 
measured from the base line AB. 

677. Thermoelectric Powers. It is clear from the foregoing 
that the inclination of the curve at any point, or the rate of 
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change of electromotive force per degree change in temperature, de- 
pends only on the temperature of the junction which is being warmed 
or cooled and not at all on the temperature of the other junction, 
provided it is constant. 

This change of electromotive force per degree change of temperature 
of 'a junction is known as the relative thermoelectric power of the 
substances involved. 

If the thermoelectric powers of iron and copper are plotted 
as ordinates along a scale of temperatures we shall obtain the 



Fig. 377. Thermoelectric powers 
of iron and copper 


diagram shown in figure 377. 
The curve is a straight line inter- 
secting the axes at 260° C.; for 
at that temperature the relative 
thermoelectric power is zero, as 
is seen also from the curve in 
figure 376, where the maximum 
point is at 260°, showing that a 


small change in temperature produces no change in electromotive 


force. This is called the neutral temperature for these two 


metals. 


678. Thermoelectric Diagram. In the thermoelectric dia- 
gram devised by Tait, the thermoelectric powers of the metals 
referred to lead are plotted as ordinates along a scale of tempera- 
tures; lead being taken as standard because in it the Thomson 
effect (§ 681) is zero. Such a diagram is shown in figure 378. 
It will be observed that within the limits of the diagram the 
variations with temperature of the thermoelectric powers of the 
metals are represented by straight lines. 

The electromotive force of a couple made of any two metals 
is expressed by the area included between the lines of the two metals 
and the ordinates of the temperatures of the junctions. 

The diagram is so constructed that the direction of the result- 
ant electromotive force is clockwise; that is, in case of iron and 
copper between 0° and 100° the current will be from copper to 
iron at the hot junction. 

679. Peltier Effect. It was discovered by Peltier in 1834 
that if a current of electricity flows around a circuit made up of 
two metals heat will be given out at one junction and absorbed 
at the other. 
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A beautiful demonstration of the Peltier effect was given by 
Tyndall by means of an ordinary thermopile. A thermopile is 
taken in which all parts are at the same temperature, so that it 
gives no current. On connecting it for a few seconds to a battery 
and then disconnecting it and joining it to a galvanometer a 
decided current is observed, showing that one set of junctions 
must have been more heated by the current than the other set. 
The current obtained is opposite to the first and tends to restore 
the equality of temperature disturbed by the first, for one stored 
up heat energy in the thermopile and the other transforms that 
energy back again into energy of current. 



Fig. 378. Thermoelectric diagram 
Thermoelectric powers are given in jnicro-volts per degree 


By a thermopile there is a direct transformation of heat energy 
into electrical energy^ but it is not efficient because there is a 
serious loss of heat by conduction from the hot junctions to the 
cold. 

680. The Conservation of Energy in Thermoelectricity. 

The Peltier effect affords a beautiful illustration of the principle 
that energy is absorbed at those points in a circuit where there 
is an electromotive force acting with the current and is given 
out at those points where there is an electromotive force acting 
against the current (§ 665). 

In a circuit of two metals aU at one temperature there may 
be electromotive forces at the two junctions, but since the 
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temperature is the same at both, these electromotive forces are 
equal and opposite and consequently there is no current. If a 
current is now caused to flow by means of a battery, energy is 
given out at the junction where the electromotive force is against 
the current and that junction is heated, while the other is cooled. 
The two junctions no longer balance each other, and it is clear 
that the resultant electromotive force which arises from the change 
in temperature must he against the current which brought it about. 
Otherwise in a simple closed circuit of two metals if one junction 
were heated a little to begin with, a current would be set up 
which would still further increase the difference in temperature 
of the junctions and would so become continually stronger and 
might be used to run a motor and do mechanical work until all 
the heat energy in the thermopile was used up and it was reduced 
to the absolute zero of temperature. 

681. Thomson Effect. In 1854, Lord Kelvin (Sir William 
Thomson) showed that in a thermoelectric circuit there must in 
general be electromotive forces not only at the junctions, but 
also in the homogeneous conductors between the junctions, as 
they are not at the same temperature throughout. 

This effect was predicted by Lord Kelvin as a consequence 
of the law of energy and was then verified by the following 

experiment. 

A bar of iron was set up as 
I shown in figure 379 so that the 
center was heated by boiling 
water while the ends were cooled 
with ice. When a current was established all parts of the bar 
were warmed, but a thermometer at A was observed to stand 
higher when the current was from left to right than when it was 
reversed, while the opposite was true at B. 

682. Applications. The thermopile as a delicate means of observing the 
intensity of heat radiation has already been described (§ 675). 

A particularly sensitive instrument for the same purpose was devised by 
Boys and is known as the radio-micrometer. In this instrument a simple 
circuit of bismuth and antimony is suspended between the poles of a power- 
ful magnet by a fine quartz fiber. One of the two junctions is protected from 
outside radiation by the surrounding instrument, while the other hangs in 
an opening so that radiation may be directed upon it. The slightest differ- 
ence of temperature causes an electromotive force and since the resistance 



Fig. 379 
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of so short a circuit is very small a comparatively large current is produced, 
which, reacting on the magnetic field, causes the suspended circuit to turn. 
A light mirror mounted on the suspended system turns with it so that the 
angular deflection may be read by a telescope and scale. 

For the measurement of high temperatures a thermocouple consisting of a 
wire of pure platinum joined to another of an alloy of platinum and rhodium 
may be used. In the Le Chatelier pyrometer such a couple, mounted in a 
protecting sheath of porcelain, is thrust into the furnace or oven of which the 
temperature is to be determined; wires from the couple lead to a suitable 
galvanometer graduated to read temperatures directly up to 1500° C. 

For the measurement of ordinary temperatures a thermocouple of iron 
and German silver is often convenient. 

PROBLEMS 

1. Find the thermal electromotive force of an iron-copper circuit in which 
one junction is at 0° and the other at 200° C. 

2. Find the increase in electromotive force in a lead-iron circuit when the 
temperature of the hot junction is changed from 150° to 151°. 

3. What relation must the lines of two metals on the thermoelectric 
diagram bear to each other in order that the increase in electromotive force 
per degree rise in temperature of the hot junction may be a constant? 

4. When one junction of zinc-iron circuit is at 50° C., at what different 
temperature may the other junction be without causing any current in the 
circuit? 

Magnetic Effects of Currents 

683. Oersted’s Experiment. The first evidence of the mag- 
netic action of an electric current was 
obtained in 1819 by the Danish physi- 
cist, Oersted, who discovered that 
when a wire carrying a current is 
held in a north and south direction 
over or under a balanced magnetic 
needle the needle is defllected as shown 
in figure 380; and if the directive 
force of the earth’s magnetism is 
neutralized by means of a magnet, the 
needle sets itself at right angles to the 
current. 

684. Magnetic Field Around a Straight Conductor. The 

experiment of Oersted indicates that the magnetic force due to 
a current is in a plane at right angles to the current. To in- 



Wire above Wire under 
needle needle 

Fig. 380. Oersted’s experi- 
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vestigate its direction more fully cause a strong current to 
flow in a wire which passes vertically through a card on which 
some fine iron filings are scattered; on tapping the card the 
filings arrange themselves in circles about the wire as shown 
in figure 381. If the current is down as shown by the arrows, 
a small compass needle near the wire, at any point such as P, 
will point with its north pole in the direction of the arrow at 
that point, tangent to the circle. If the current is reversed the 
compass needle will point in the opposite direction. 

The lines of magnetic force about a straight conductor carrying 
a current are circles of which the conductor is the axis. 


I 

Fig. 381. Field around ciarrent Fig. 382. Right-handed screw 

By a comparison of figures 381 and 382 it will be seen that 
the positive direction of the lines of force hears the same relation to 
the direction of the current as the direction of rotation of a right- 
handed corkscrew hears to the direction in which it advances. 

Another rule that may be given is that if an observer looks 
along a conductor in the positive direction of the current, the positive 
direction of the lines of force as he sees them is clockwise. 

685. Strength of the Field. The strength of the magnetic 
field near a straight conductor is greatest next to the conductor 
and diminishes as the distance increases. 

The strength of field H, at a distance r from the axis of a long straight 
wire carrying a current of strength /, is given by the expression 

2/ 

_ ^3^11 quantities in C. G. S. electromagnetic units) 

2/ 

~ Trw amperes, P in C. G. S. electromagnetic units) 
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since tiie ampere is one-tenth the C. G. S. electromagnetic unit of current 
(§ 616 ). This formula assumes that the return circuit is so far off that its 
magnetic effect at the point considered may be neglected. 

As the card is tapped on which the iron filings rest, in the 
experiment described in the last article, the filings work toward 
the center, the circles gradually getting smaller, for the filings 
are drawn toward the stronger part of the field. 

If a fine copper wire carrying a rather strong current is dipped 
into some fine iron filings they will cling together in little circular 
filaments, forming a mass around the wire. 

886. Field of a Circular Current. When a conductor carry- 
ing a current is bent into a circle the lines of force are crowded 
together within the circle and 
spread out outside. In this 
case, shown in figure 383, all 
parts of the circuit conspire 
to cause magnetic lines of 
force of which the direction 
is through the circuit perpen- 
dicular to its plane on the 
inside, and back again on 
the outside, as shown in the 
diagram. The lines of force 
very near the wire are nearly 
circles about the wire, while 
at the center they are nearly 
straight and perpendicular to Fig. 383. Field of circular current 
the plane of the coil. 

If the wdre carrying the current makes two turns around 
the circle instead of one, the magnetic force will everywhere be 
doubled, and so on for any number of turns. 

The strength of the magnetic field at the center of a circular 
current is proportional to the total length of the conductor wound 
in the circle and to the strength of the current and inversely pro- 
portional to the square of the distance of the conductor from the 
center, ■ 

Thus if r is the radius of the coil and if n is the total number 
of turns, the length of the wire in the coil is 27crn^ and when the 
current I is measured in C. G. S. units as defined in § 616, the 
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strength of the magnetic field H at the center in C. G. S. units 
is given by the formula: 


27rm/ 2TrnI 


(/ in C. G. S. units) 


or, since the ampere is one- tenth the C. G. S. unit current, 


2ir7il 

lOr 


(J measured in amperes). 


The formula assumes that the cross section of the coil is negli- 
gibly small compared with r. 

By measuring the magnetic force at the center of a coil of 
known dimensions, the number of amperes of current may be 
determined. 

687. Rowland’s Discovery. Rowland discovered that a disc 
of ebonite, charged with electricity and rotating at high speed, 
acted upon a magnetic needle placed near it, just as a circular 
current would. The magnetic effect was found to be proportional 
to the speed of the disc. This remarkable experiment was car- 
ried out by him in 1875. 



Fig. 384. Solenoid Fig. 385. Ring solenoid 


688. Solenoid. A long helix, such as shown in figure 384, 
is known as a solenoid, and may be wound with one or several 
layers. When a current passes through such a coil all the turns 
act together to cause a field of magnetic force in which lines of 
force pass lengthwise through the interior looping back around 
the outside. Looking through the solenoid in the positive direction 
of the lines offeree, the direction of the current is clockwise. Inside 
the solenoid a strong magnetic field of great uniformity is 
produced. 
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The system of lines of force of a solenoid is thus like that of 
a bar magnet, the south pole corresponding to that end of the 
solenoid about which the current flows clockwise, as seen by an 
observer facing that end. 

If such a solenoid is mounted so that it can turn, it behaves 
like a suspended bar magnet when another solenoid or a bar 
magnet is presented to it. 

689. Iron in a Solenoid. If a soft-iron core is introduced 
into a solenoid the number of lines of force is greatly increased^ 
it may be several hundred times, so that it acts as a strong mag- 
net. A hard-steel core does not have so great an effect in increas- 
ing the number of lines of force, though it largely retains its 
magnetism after the current stops. 

The precise effect in such a case depends on the relative pro- 
portions of the solenoid and its core. In a short broad solenoid 
an iron core which fills it will not increase the number of lines of 
force so much as if the core and solenoid were longer in proportion, 
for the strong poles exert a magnetic force which in the interior 
of the solenoid is opposite to that of the coil, as explained in § 513. 

690. Ring Solenoid. If a long solenoid is bent into a ring so 
that its two ends come together as shown in figure 385, a ring 
solenoid is obtained, and when a current flows in such a solenoid 
it produces a very nearly uniform field in the interior, though, 
since the lines of force are not straight but circles, the force must 
really be slightly stronger toward the inside where the lines of 
force are smaller circles. There is no magnetic force outside of 
such a solenoid. 

If the interior of the solenoid is filled with a ring of iron, all 
parts of the iron experience the same magnetizing force and there 
are no poles to complicate matters, so that the permeability (§ 516) 
of the iron can be immediately determined from the increase in 
the number of lines of force due to its presence. If, for example, 
the total number of lines of force in the iron is 1000 times what 
it would have been in the same space if the iron had not been 
there, the permeability of the iron is said to be 1000. 

It is easy to measure by electromagnetic induction (§ 720) the 
changes that take place in the number of lines of force through 
the ring and in this way the permeability of iron was studied, by 
Rowland, 
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691. Magnetic Induction or Flux Density, Permeability and 
Magnetizing Force. The strength of the held inside a ring sole- 
noid when no iron is present may be called the magnetizing force. 
Let it be represented by H which will thus express the number of 
lines of force per s(pu(iTe centimeter of cross section before the iron is 
introduced. 

The number of lines of force in the iron core per square centi- 
meter of section is called its magnetic induction or flux density 
and may be represented by B (see § 512). 

We then have » 

IX = rpj or B = ixH 
Jd 

where ii represents the permeability of the iron. 

The relation between the hux density B in iron and the magnet- 
izing force H as the latter is increased, starting at zero, is shown 
in the curve ab of figure 386, in which abscissas represent values 
of E and ordinates the corresponding values of B. From this 
curve it appears that at first B increases slowly, then rapidly, and 
finally at h as the iron approaches what is called saturation a 
considerable increase in H causes only a small increase in B. 

The curve shows that the permeability of iron is not a constant 
but increases with increase in magnetizing force up to a maxi- 
mum, after which it rapidly diminishes. Some values are given 
below. 

PERMEABILITY OF A SAMPLE OF SOFT IRON 


H 

5 

B 


H 

B 


1 


1,000 

4 

9,700 

2,425 

2 


3,000 

5 

11,800 

1,966 

3 


2,733 

17 

13,000 

765 


692. Hysteresis. The changes which take place in iron when 
its magnetism is reversed were first thoroughly studied by Pro- 
fessor Ewing of Cambridge University. The curve of figure 386 
shows the changes in induction in soft iron when the magnetizing 
force is changed from +13 to *-13 and back again. The rise 
of induction when the iron is first magnetized is shown by the 
curve from a to b. The flux density is here 13,000 while J? is 13. 
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On reducing the magnetizing force to zero the induction falls 
only to 10,800 following the curve he. By means of a gradually 
increasing reversed current the magnetizing force is made nega- 
tive until when E — —2.0 the flux density is zero and there are 
no lines of force in the iron. As the force is made still more 
negative the iron becomes oppositely magnetized, reaching the 
value B = —13,000 when S' = — 13. Then as the force is 
again reduced to zero the induction drops to — 10,800 following 
the lower curve, and does not become zero till E is -f 2.0. If 



the magnetizing force is carried up to the former maximum ana 
then again diminished the curve rises to b and then falls back 
to c exactly as before. 

This lag of the induction in iron and steel behind the mag- 
netizing force was named by Ewing hysteresis. In consequence 
of it, when a mass of iron is put through such a complete cycle 
of changes, more energy is spent in magnetizing than is given 
back when it is demagnetized, the difference being a certain 
amount lost in heat. The amount lost in this way per cubic 
centimeter of iron is proportional to the area of the loop of the 
hysteresis curve, and with a maximum induction of 5000 it may 
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amount to as much as 2500 ergs per cubic centimeter in each 
cycle of magnetic change. 

Every time the magnetism in a mass of iron is reversed it is 
put through such changes and since in the iron cores of trans- 
formers and dynamo armatures the reversals take place many 
times in a second it is important in such cases that soft iron 
should be used in which the hysteresis loss is small. The loss 
of energy due to this cause may amount to 1 per cent in a trans- 
former made of fairly good iron. 

693. Electromagnets. Powerful magnets are made by sur- 
rounding soft iron cores with magnetizing coils, as was first shown 

by the French physicist, Arago, 
^ M in 1820. A typical form of elec- 

tromagnet is shown in figure 387. 

: arms of a 

. tZ-shaped piece of iron is fitted 

^ cylindrical coil made of wire 
' te - ‘ wound with silk or cotton insu- 

l , . lation to separate one turn from 

another. The coils are so con- 

1 ^! vli'N — SS nected that the current flows in 

j 1^, opposite directions around the 

'I . // % ; two legs of the magnet, making 

y/ / % I _■] one end a north pole and the 

^ ^ other a south pole. When the 

; soft-iron armature is placed 

j ■ ^ ^ across the two poles a closed cir- 

jy cuit of iron is formed so that the 

Vj ... - ... . magnet with its armature resem- 

— tLI. " bles somewhat the ring solenoid 
Fig. 387. Electromagnet with iron core described in § 690. 

If the armature is sufficiently 
large most of the magnetic flux will be in the iron, the lines of 
force being closed curves. The whole number of lines of force 
established in the core of an electromagnet may be considered 
as due to the relation of two factors, the magnetizing power of the 
current in the magnet coils^ called the magnetomotive force, and 
the resistance to magnetization oj^ered by the iron core, called its 
reluctance. 






Fig. 387. Electromagnet 
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7 \T 7 TT. y-r Magnetomotive force 

Flux = Number of lines of force = — 

Reluctance of core 


In case of a uniformly wound ring solenoid the magnetomotive 
force may be. shown to be 47r;^/ where n is the number of turns 
of wire around the core and I is the magnetizing current^ and we 


have 


N = 


4:7rnl 
~ R 


where N is the number of lines of force through the core and R 
is its reluctance, all the quantities being in C. G. S, electro- 
magnetic units. 

The above formula applies also approximately to ordinary 
electromagnets having nearly continuous iron cores. 

If the current V is given in amperes while R and N are in 
C. G. S. electromagnetic units the formula becomes 


N == 


lOR 


since the C. G. S. electromagnetic unit of current is equal to 10 
amperes. 

The product nl' is called the ampere-turns and the strength 
of a magnet excited by a small current making many turns is the. 
same as with a large current making few turns j provided the ampere- 
turns are the same in both cases. 

The shorter the iron circuit and the greater its cross section the 
less will be the reluctance and the more lines of force will be estab- 
lished by a given number of ampere-turns. 

The reluctance of an iron ring may be calculated from the 
formula , 


where I is the mean length of the ring, A is its cross section, and 
/X is the permeability of the iron. If a circuit is made up of parts 
that have different permeabilities their reluctances must be cal- 
culated separately and added together when the parts are in 
series. 

When the armature is not across the poles the reluctance is 
greatly increased because of the small permeability of the air 
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through, which the lines of force must pass. Therefore the flux 
or the number of lines of force established in that case is very- 
much less than with the armature across the poles. 

The force with which such a magnet holds its armature is 
proportional to the area of its poles, and is expressed by the ap- 
proximate formula 

Attraction m dynes = -- — 

where B represents the induction or number of lines of force per 
square centimeter of the surface between pole and armature, 
and A is the combined areas of the two poles. 

694. Tlie Electric and Magnetic Circuits. An interesting parallelism 
exists between the phenomena of the electric and magnetic circuits which is 
a useful aid to the memory. Both may be looked at from the point of view 
of the electric current circuit. The analogy is best brought out by the 
following table. 


Electric Current Circuit 

Magnetic Circuit 

Applied potential difference 
« V 

Applied magnetomotive force 
= M 

Resistance 

= (§ 656) 

1 

Reluctance 

(1693) 

1 

conductance 

permanence 

Current 

^ potential difference 
resistance 

= ^ (§ 618 and § 652) 

t 

Magnetic flux 

^ magnetomotive force * 
reluctance < 

= ^ (§ 693) 

Symbols 

1 — length of electric circuit 
.y = area of cross section of 
path 

c — conductivity of material 

of circuit = ^ (§ 656) 

Symbols 

1 = length of magnetic cir- 
cuit 

A = area of cross section of 
path of flux 

ju = permeability of material 
of circuit (§ 691) 
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PROBLEMS 

1. What is the strength of the magnetic field 15 cms. from a straight wire 
carrying a current of 6 amperes? 

2. A wire 3 meters long is made into a circular coil with a mean radius of 
6 cms. Find the strength of field produced at the center of the coil by a 
current of 0.1 ampere in the wire. 

3. How much current is flowing in one rail of an electric railway which 
luns in a north and south direction and causes a deflection of 45° in a compass 
needle held 30 cms. above the center of the rail; taking the strength of the 
horizontal component of the earth’s magnetic field as 0.20? 

4. Find the strength of the magnetic field at the center of a circular coil 
of 7 turns of wire 18 cms. in diameter when carrying a current of 3 amperes. 

5. What will be the deflection of a magnetic needle at the center of the 
coil in the last problem if the coil is placed with its plane vertical and in the 
magnetic meridian at a point where the earth’s horizontal force is 0.16? 

6. A ring solenoid has a cross section of 9 sq. cms. There are 8 turns of 
wire per cm. of length of the solenoid and its whole length is 30 cms. measured 
along its axis. What magnetomotive force is produced by a current of 
1 ampere in the coil? How many lines of force will there be in the solenoid 
if it does not contain iron? And how many if filled with an iron core of 
permeability 100? 

7 . How many lines of force will be set up in a horseshoe magnet with iron 
armature, the iron circuit having an average cross section of 36 sq. cms., 
each leg being 15 cms. long and the two legs 12 cms. apart between centers? 
On each leg is a coil of 400 turns of wire carrying a current of 5 amperes. 
The permeability of the iron may be taken as 100. 

8. Find the force in kilograms which an electromagnet can sustain when 
it is magnetized so that there are 600 lines of force per sq. cm. in the core, 
each pole piece having an area of 36 sq. cms. 


Interaction oe Currents and Magnets 

696- Mutual Action of Parallel Currents. Two parallel 
conductors carrying currents in the same direction attract each 
other, while if the currents are in opposite directions they repel. 
This may be shown by means of Ampere's frame, a light rectangu- 
lar frame of wire connected to a battery through two mercury 
cups so that it can freely revolve, as shown in figure 388. If a 
second frame having a number of turns of ware through which a 
current passes is brought up so that one of its edges is parallel and 
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near to one of the vertical wires of the pivoted frame, the attrac- 
tion or repulsion of parallel currents is easily demonstrated. 

Also if the frame B is held under the pivoted frame so that its 
upper edge is at right angles to the lower wire of the movable 
frame the latter will then turn until the two are parallel and with 
the adjacent currents in the same direction. 



696. Magnetic Field Around Parallel Currents. If the lines 
of force of two parallel currents are studied by means of iron 
fihngs or a compass needle, they will be found as in figure 389 
when the currents are both in the same direction. While if the 
currents are in opposite directions the resultant lines of magnetic 
force are as shown in figure 390. 

According to Faraday's conception, the attraction in the first 
case may be explained by a tension in the magnetized medium or 
a tendency for it to shorten up in the direction of lines of force; 
on the other hand, the repulsion in the second case is also in 
accordance with Faraday's idea that there is a pressure or tend- 
ency for a magnetized medium to expand at right angles to the 
lines of force. 

It is also to be noticed that in the first case the field of force is 
stronger just outside of the conductors than it is between tdieni^ for be- 
tween the two the magnetic effect of the one is opposed by the 
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other; while in the second case the two act together to produce a 
strong magnetic field between them and a weaker field outside. 



Fig. 389. Lines of magnetic Fig. 390. Magnetic held of two 
force, currents perpendicular to currents perpendicular to the paper; 
paper and both down one down and one up 

697. Action Between Current and Magnetic Field. In the 
case just considered each conductor may be thought of as acted on 
by the magnetic held due to the other. That there is such a 
reaction between a magnetic held and a conductor carrying a 
current may be demonstrated by presenting one pole of a bar 
magnet to one of the vertical branches of Ampere’s frame (§ 695) 
when the wire will move across the lines of force of the magnet. 

Or if a current of electricity is established in a light hexible 
conductor of tinsel cord hanging between the poles of a horseshoe 



Fig. 391. Current in magnetic field Fig. 392 

magnet the cord is repelled outward from between the poles when 
the current is downward and the poles "are situated as shown in 
hgure 391. If the current is reversed or if the magnet is turned 
over so that the poles are interchanged the cord is drawn inward. 
The held of force due to a current howing across a uniform mag- 
netic held is shown in hgure 392, where the current is supposed to 
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flow downward in a wire which intersects the paper perpendicu- 
larly at 0. The broken lines are the lines of force of the uniform 
field, the circles are those of the current, and the full lines are the 
resultant lines of magnetic force. Clearly a tension in the 
medium along lines of force and pressure at right angles will urge 
the conductor in the direction shown by the arrow. At points 
nearer the top of the diagram than O, the force due to the currents 
acts with the original field, while below O, the two are in oppo- 
sition, hence the field above 0 is strengthened by the current 
while it is weakened below the conductor, there being a neutral 
point P where there is no magnetic force at all. 

These experiments lead to the following general rule : 

When that magnetic field immediately adjoining a conductor 
carrying a current is strengthened on one side and weahened 
on the other by the efi'ect of the current, the conductor is urged 
toward that side where the field is weakened. 

If the current is not at right angles to the lines of force of the 
field, only that component of the magnetic force which is perpen- 
dicular to the conductor is effective, so that the effective magnetic 
force, the current, and the force acting on the conductor to move 
it are in three directions mutually at right angles to each other, 
and their relation can always be determined by the rule just 
given. 

The amount of the force F experienced by the conductor is 

F = IHI 

where I is the length of the conductor in the field, II is the strength 
of the component of the magnetic field at right angles to the con- 
ductor, and / is the current strength, all being measured in 
C. G. S. electromagnetic units. 

698. Magnet and Current in a Coil. The mutual action of 
a magnet and a current in a coil may be studied by aiittle light 
circular coil of wire connected to zinc and copper terminals which 
dip into a test-tube containing dilute sulphuric acid, the whole 
system being floated in a tank by means of a cork.* On present- 

* In this experiment the test-tube should be weighted with shot until the cork 
is entirely submerged, only the upper part of the test-tube projecting above the 
surface, otherwise the motions will be greatly impeded by the surface viscosity of 
the water. 
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ing the pole of a bar magnet the coil will set itself so that the 
lines of force of the magnet are in the same direction through the 
coil as the lines of force of the coil itself, thus strengthening 
the field within the coil. It will then 
approach the pole and slip over it to 
the middle of the magnet. 

If the magnet is now pulled out 
and quickly thrust through the coil 
in the opposite direction, the coil will 
slip ofi from the magnet, revolve so 
as to present the opposite face, and 
then again approach it. 

It may be seen that these actions 
result from the general rule of § 697. 

For in each portion of the circular 
circuit the magnetic field is strength- 
ened on one side of the conductor 
and weakened on the other and each part strives to move from 
the stronger toward the weaker field. On the whole, therefore, 
the coil always turns and moves so as to increase the resultant 
number of lines of force through it. It slips to the middle of 
the magnet and then sets itself obliquely as shown in figure 394, 
for in that position it embraces the whole number of lines of 
force through the magnet and avoids also including those that 
turn back at the sides, which are in the opposite direction. 



Fig. 393. Magnet and float- 
ing current 




Fig. 395. Barlow’s wheel 


699. Barlow’s Wheel. In the apparatus shown in figure 
395 a copper disc is balanced on an axle so that it can turn 
freely between the poles of a horseshoe magnet which produces 
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a strong field perpendicular to the disc. The lower edge of the 
disc dips in a trough of mercury. If one pole of a battery is 
connected to the axle of the disc and one to the mercury trough, 
a current will flow through the disc between its center and the 
trough. This current, being perpendicular to the lines of force 
of the magnet, is urged to the right or left, depending on its 
direction, and accordingly the disc itself is set in continuous 
rotation. 

This experiment appears to show that the displacing force acts 
on the conductor which transmits the current and not simply on 
the current itself. 

Instruments eor Measuring Current and Potential 

700. Measurement of Current. The strength of an electric 
current may be measured by its magnetic effect or by its heating 
or chemical action. Instruments which measure a current by its 
action on a magnetic needle are known as galvanometers. 

701. Tangent Galvanometer. In the tangent galvanometer 
there is a circular coil having one or more turns of wire, at the 

center of which a magnetic needle is 
either balanced on a point or suspended 
by a fine fiber of silk or quartz. The 
instrument is placed so that the plane 
of the coil is vertical and in the mag- 
netic north and south plane. When a 
current is sent through the coil the 
needle turns to one side or the other, 
and the strength of the current is propor- 
tional to the tangent of the angle of deflec- 
tion, as may be shown as follows: 

The force due to the current in the 
coil is at right angles to the plane of 
the coil at its center (§ 686) and the 
Fig. 396 . Tangent gal- strength of the field at that point in a 
vanometer given coil is proportional to the strength 

of the current. Let G represent the 
strength of field at the center due to the coil when unit current is 
flowing, then IG will be the strength of field when the current 




GALVANOMETERS 


strength is I. Let OA in figure 397 represent the plane of the 

coil and O the point where the needle is placed, then when no 

current is flowing the needle points in the 

direction OA, being acted on only by the 

horizontal component H of the earth's mag- j / 

netic force. The magnetic force F due to j / 

the current in the coil is IG and at right \ r/ ^"7/ 

angles to H, therefore, the resultant force R | 

is the diagonal of the rectangle whose sides j 

are IG and H, and \/ 

IG 

tanx = — Fig. 397 


where x is the angle which the resultant force makes with H, 
But the needle must point in the direction of the resultant force, 
and so x is the angle through which the needle turns. Therefore 

, H 
1 — — tan X 
G 

and if H and G are known the current may be determined by 
measuring the angle x. 


702 . Coil Constant of a Tangent Galvanometer. In case of a tangent 
galvanometer the magnetic force F due to the coil is expressed by IG. 

But if the current is measured in electromagnetic units, 

F = ^-l G = -- (§ 686) 

yl 

And since the length of n turn% of wire of radius r is 27rm, 

21^717 2Trn 
r 

The galvanometer coil constant G can be calculated from this formula when 
the coil of the galvanometer has so large a radius compared with the length 
of the needle that the poles of the needle may be regarded as at the center, 
and when the cross section of the coil is so small that all the turns bear nearly 
the same relation to the needle. 

If G is determined in this way, r being measured in centimeters, and if B. 
is foimd by the method described in § 510, the current wiU be found in 

H 

C. G. S. electromagnetic units by the use of the formula / = — tan x. 
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To obtain the current strength in amperes, we must take as the value of 
the coil constant 



By this method the strength of a current is determined in amperes directly 
from the fundamental units of length, mass, and time, for we have already- 
seen how the measurement of H is based on these units. A tangent galva- 
nometer in which the constant is determined in this way directly from 
measurements of the coil is known as a standard galmnonieter. 

703. Sensitive Astatic Galvanometer. For the measurement 
or detection of extremely small currents of electricity the coil 
of wire must contain a great number of turns as close as possible 
to the needle, and because the turns nearest to 
the needle are most effective it is customary to 
use finer wire for these turns so that a greater 
number can be placed in a given space. 

The sensitiveness of the instrument is 
further increased by using an astatic needle. 
This is a system of two magnetic needles, as 
nearly as possible of the same strength, con- 
nected together by a light aluminum wire so 
that the poles of the two needles are oppo- 
sitely directed, as shown in the figure. 

The combination is then suspended by a 
jfine silk or quartz fiber so that the galvanom- 
eter coil surrounds only one needle, or the 
second needle may be surrounded by another 
coil around which the current flows in the 
opposite direction to the first so that any 
current in the coils will tend to turn both 
needles in the same direction. 

If the two needles have equal magnetic moments the earth 
will have no directive action on the combination. But as no 
system of needles will remain perfectly astatic, a directive magnet 
above or below the instrument serves to balance the effect of the 
earth on the combined system. The influence of this magnet 
and the torsion of the suspension fiber serves to give the needle 
a definite position of rest. 

A small mirror attached to the needle enables its angular 



Fig, 398. Astatic 
galvanometer 
diagram 
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deflection to be measured by the usual telescope and scale method 
or by the reflection of light upon a scale. 

704. Moving-coil Galvanometer. In this type of instrument, 
known also as the D'Arsonval form of galvanometer, the sus- 
pended system is a coil of fine wire which hangs in a strong 
magnetic field due to a permanent steel horseshoe magnet. In 
figure 399 is shown a vertically placed 
horseshoe magnet, between the poles of 
which is hung a light rectangular coil 
of many turns of fine wire, the plane 
of the coil being parallel to the direc- 
tion of the lines of force. The coil is 
suspended by a fine ribbon of phosphor- 
bronze which also serves to connect 
one end of the suspended coil to the 
outer circuit while the other connec- 
tion is made through a spiral wound 
strip of the phosphor-bronze ribbon 
attached to the lower end of the coil. 

A cylindrical mass of soft iron is 
fixed midway between the poles of 
the magnet so that as the suspended 
coil turns its vertical branches move 
in the gaps between the core and pole 
pieces. This arrangement secures a 
strong uniform field across which the 
wires of the coil pass, and when a current is sent through it, 
it is deflected. 

A small mirror mounted just above the coil and moving with it 
enables the deflection to be determined by the telescope and scale 
or reflected spot of light method. 

The moving-coil galvanometer has the advantage that it is not 
aj^ected by changes in the earth’s magnetic field ^ and can he used 
near dynamo machines and where there is considerable magnetic 
disturbance. Also the coil damps strongly or comes almost 
immediately to rest when the wires leading to it are touched 
together, forming a short circuit, as it is called. This damping is 
due to electromagnetic induction (§ 730). 

705, Electrodynamometers, Instruments in which no iron or 





variometer 
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magnetic substance is used, but where the measurem.ent depends 
on the mutual action of two coils carrying currents, are known as 
electrodynamometers. 

The Siemens electrodynamometer, shown in figure 400, is a 
good example. An oblong coil is fixed in a vertical position and 
surrounding it closely at right angles, but not touching it, is a 
rectangular suspended coil. The current passes through the 



Fig. 400. Siemens electrodynamometer 


fixed coil and is led into the suspended coil through two mercury 
cups into which its ends dip. The magnetic action of the coils 
upon each other causes the suspended coil to turn, but its top is 
attached to a helical spring the upper end of which is fastened 
to a knob which is turned till the torsion of the spring forces 
the suspended coil back again into its zero position. The 
strength of the current is determined from the amount of 
torsion required, as shown by a circular scale. 

In such an instrument the force of torsion T depends on the 
current strength in each coil or T is proportional to II' , but when 
the current is the same in each coil T is proportional to P, whence 
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where ^ is a constant for the instrument which depends on the 
size, shape, and number of turns in the coils and the scale by 
which the torsion is measured. It is determined by experiment, 
by measuring the torsion produced by a known current. 

When the current is reversed in both coils the deflection is in 
the same direction as before; for this reason an electrodynamome- 
ter can be used to measure a rapidly alternating current which 
would give no deflection in a galvanometer. 

706. Ammeters. An ammeter is some form of galvanometer 
or electrodynamometer graduated so that the current strength 
in amperes may be directly read from the scale. A form of 



Fig. 401. Ammeter 


ammeter much used for direct currents is shown in figure 401. 
It consists of a sensitive moving-coil galvanometer in which the 
coil instead of being suspended is mounted in jeweled bearings 
and is held in equilibrium by two non-magnetic spiral springs 
which also serve as conductors for the current. The main 
current passes through a strip of metal (called a shunt) having 
very small resistance, only a minute portion of the current passing 
through the delicate movable coil. But the current in the mov- 
able coil is always the same proportional part of the whole 
current, and therefore the scale over which the pointer moves 
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may be so graduated as to show directly the number of amperes 
in the total current. 



An instrument of this type has the advantage of having a 
very small resistance. 



Fig. 403. Voltmeter 


707. Voltmeters. A voltmeter is an instrument designed to 
measure differences in potential, and gives the readings directly 
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in volts. There are two principal types, electrostatic voltmeters 
and those that depend on the flow of current. 

708. Electrostatic Voltmeters. These instruments are elec- 
trometers adapted to meet the requirements of ordinary engineer- 
ing practice. Of this type is the instrument shown in figure 402. 

709. Current Voltmeters. A voltmeter using current is a 
high-resistance galvanometer with a scale graduated to give 
directly the number of volts difference in potential between its 
terminals. 

The voltmeter shown in figure 403 is a moving-coil galva- 
nometer such as is used in the ammeter shown in figure 401, but 
there is no shunt across between the terminals as in the ammeter, 
and a considerable resistance is inserted in the circuit so that 
only a small current passes through the instrument. 

Voltmeters using current give correct values only in circum- 
stances where the current through the instrument is so small that 
it does not appreciably change the potentials to be measured. 

For instance, the difference of potential of two statically 
charged bodies could not be determined by such an instrument, 
for they would be instantly discharged through it. And if we 
attempt to measure the difference of potential of the terminals 
of a battery cell whose internal resistance is as great as that of the 
voltmeter itself, the deflection will indicate only one-half the 
total electromotive force of the cell, for the current is such that 


half the fall in potential takes place in 
the cell itself (§ 650). 

In ordinary commercial work the 
other resistances in the circuit are so 
small compared with that of a well- 
constructed voltmeter that there is no 
difficulty on this score. 

Such a voltmeter cannot be used for 
alternating currents. 

710. Ammeter with Iron Core. A 
simple form of ammeter is that shown 
in figure 404 in which a soft-iron core is 
drawn into a helical coil through which 



Fig. 404. Arameter with 
iron core 


the current flows. Both ammeters and voltmeters are con- 


structed on this principle, and as the soft-iron core is drawn 
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inward when the current is in either direction they may be used 
either for direct or alternating currents, though the graduation 
must be different in the two cases. 

711. Hot-wire Instruments. In some instruments the cur- 
rent passes through a fine wire and the elongation resulting from 
its heating causes a pointer to move over a scale. The scale 
may be graduated to show either the current in amperes or the 
difference in potential between the terminals in volts. The wire 
is mounted in a metal case to screen it from air currents and 
keep it under as uniform conditions as possible. 

The heating effect of a current is irrespective of its direction, 
and therefore such an instrument may be used either for direct 
or alternating currents. 

712. Wattmeter. If it is desired to know the energy per 
second or watts spent in any part of a circuit, as in the lamps 
between A and B in the left diagram of figure 405, the current 



may be measured by the ammeter and the difference of potential 
between A and B by the voltmeter. The watts expended are 
given by the product of the current in amperes by the volts. 

The result may, however, be obtained directly by using a 
wattmeter. This may be an instrument like the Siemens electro- 
dynamometer connected so that the main current flows through 
the fixed coil E (right diagram, figure 405) while the suspended 
coil has a great many turns of fine wire and is connected at A' 
and B' to the main circuit, so that the current in the suspended 
coil will be proportional to the difference of potential in volts 
between A' and B\ The torsion produced by the mutual action 




ELECTRIC BELLS 


493 


of the two coils is proportional to the product of the currents in 
each, and is, therefore, proportional to IP where I is the main 
current and P is the potential difference between A' and 
The instrument may therefore be graduated to give directly 
the watts expended between and B' . The suspended coil in 
this case is known as the potential or pressure coil, while the 
fixed one is the current coil. 


PROBLEMS 

1. What is the force of attraction between two straight parallel wires 
30 cms- long and 1 cm. apart each carrying 3 amperes of current? 

2. What must be the diameter of a coil of 3 turns of wire in order that a 
current of ^ amperes may produce a strength of field at its center of 0.20 
dyne per unit pole? 

3. A sensitive galvanometer having a resistance of 25 ohms is deflected 

one scale division by a current of of an ampere. What resistance is 

required and how connected to change it into a voltmeter reading 1 volt 
per scale division, and what resistance and how connected to change it into 
an ammeter reading 1 ampere per scale division? 

4. Given a voltmeter having a resistance of 800 ohms and reading 1 volt 
per scale division. How can it be made to read 10 volts pe.r division? 

6. How can the voltmeter described in problem 4 be used to find the 
current flowing through a conductor having a resistance 0.01 ohm per foot 
in length? 

Bells and Telegraph 


713. Electric Bells. Bells are rung by electricity by the 
method shown in the figure. When 
the key at k is pressed, making a 
connected circuit, the current flows 
around the electromagnet M, causing 
it to attract the soft-iron armature 
a to which is attached the hammer 
which strikes the bell. But as the 
armature a is drawn toward the 
magnet a metallic contact at b is 
separated, thus interrupting the cir- 
cuit and causing the magnet to lose ^ 

its magnetism. The armature being :Electnc beU 

mounted on a spring flies back, makes 
contact again at b, and is then again attracted by the magnet 
as at first. 
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714. Electric Telegraph. In the Morse telegraph, as origi- 
nally used, a recording instrument made a dot or dash when the 
key was pressed in the distant station. In this instrument a 
strip of paper was drawn steadily over a roller by clockwork, 
and when the key was pressed an electromagnet drew up a lever 
provided with a sharp steel point which pressed against the paper 
making a# dot or dash, depending on whether the key made an 
instantaneous or more prolonged contact. 

It was soon discovered that operators read the messages by 
sound, and therefore the elaborate recording instrument was 
replaced for the most part by the sounder, a simple electro- 
magnet and armature arranged so that a vigorous click is heard 
when the circuit is closed or broken. 

L^'O Ini consequence of the resistance of 

O the current is very small 

Q^l ^ and is therefore used to operate a 

(l -.. relay, which merely closes the con- 

— P nection in a local battery circuit in 

■^4 r which the sounder is included. The 

^ , relay has a magnet wound with a 

Fig. 407. Relay and sounder . , r • j • 

great many turns of wire and in 

front of its poles is a nicely balanced armature controlled by a 

delicate spring so that a very small force will attract it. The 

armature is connected to the binding post a and the stop against 

which it is drawn is connected to b, so' that when it is attracted by 

the influence of the main-line current, connection is made 

between a and b, thus closing the local circuit which includes 

the battery B and sounder 5. The feeble motions of the relay 

armature are thus reproduced by the vigorous clicks of the 

sounder. 

Since the magnet of the relay must have a great many turns of 
wire, it must be wound with fine wire and will therefore have a 
large resistance; but since the resistance in the main line is al- 


ready large, the additional resistance of the relay will have a 
comparatively slight effect on the current. 

In the local circuit, the sounder and battery are all included 
in the same station and the resistance of the circuit may therefore 
be very small, hence the resistance of the sounder should be small, 
and accordingly it is wound with fewer turns of coarser wire. 
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In the main-line circuit a single wire of galvanized iron or hard drawn 
copper is used, the return circuit being through the earth. The following 
diagram shows the arrangement of a main line including three stations. 

Each station has a key, relay, sounder, and local battery indicated, re- 
spectively, by k, R, S, L. 

The main-line battery Pi operates all the relays for a certain length of 
the line. At the last station shown in the diagram there is a relay P' which 



Fig. 408. Diagram of telegraph line 


transmits the signals to a second section of the main line which is operated 
by the battery P2. 

The keys are all provided with switches by which the circuit is kept 
closed everywhere except in the station where the operator is sending a 
message. 

715. Cable Telegraphy. Ocean telegraphy presents some serious diffi- 
culties from which land lines are comparatively free. The cable acts like 
an enormous Leyden jar, for it consists of a central conducting core made 
of a bundle of copper wires twisted together surrounded by a thick coating 
of rubber insulating material, outside’ of which is a protecting sheath of 
hemp and steel wires. 

The copper core is the inner coating of the jar and the steel sheathing 
is the outer coating. The capacity of an Atlantic cable is about equal to 
600,000 gallon Leyden jars. When one end of the cable is connected to the 
battery the current at the other end rises to its full strength only very 
slowly, as the cable is being charged at the same time. And when the 
current is broken the whole charge has to escape before the current dies out. 
In a typical Atlantic cable the current rises to of its maximum value in 
0.2 second, and would require 2 seconds to come to -3^ of its maximum; 
therefore, in order to save time, exceedingly sensitive instruments must be 
used which will give an indication as soon as the current begins to rise at 
the farther end. In giving a signal, connection is made to the battery for 
an instant and then the end is grounded, thus sending a sort of wave into 
the cable which is sufficient to affect the instrument at the other end with- 
out fully charging the cable. 

A double transmitting key is used by which the cable may be connected 
either to the positive or negative pole of a battery, and thus a series of 
waves may be transmitted, positive corresponding to dots, and negative to 
dashes of the telegraphic code. 

The receiving instrument is a sensitive galvanometer which swings to 
the right or left as the waves of current pass through it. 
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On a line connecting points so far apart on the earth there is a tendency 
for earth currents to flow which would powerfully affect the delicate galva- 
nometers used and completely overpower the desired signals. To obviate 
this difficulty Varley devised the plan of connecting the cable at each end 



to a condenser of large capacity which entirely prevents any steady flow 
through it due to earth potentials, but does not interfere with sending the 
signal waves. 

A simple arrangement of a cable is shown in the above diagram. 

The switches SS' are shown in position for sending by the key K and re- 
ceiving by the galvanometer G'. Pressing the upper key at K gives a 
positive charge to the condenser C, while the other key gives it a negative 
charge. One terminal of the galvanometer G' is connected to the condenser 
C' while the other terminal is connected to earth. 

716 . Siphon Recorder. The instrument now commonly used for re- 
ceiving cable messages is the siphon recorder devised for the purpose by 
Lord Kelvin. It is a galvanometer of the type which later became known 
as the D^Arsonval form. A coil of wire hangs between the poles of a power- 
ful magnet, and through this coil the cable currents pass, causing it to turn. 
Attached to the suspended coil is a fine capillary tube of glass shaped like a 
siphon, one end of which dips into a little cup of ink. The other end of the 
siphon tube just touches a strip of paper which is carried along by clockwork. 
As the coil turns the siphon moves to and fro across the paper, tracing a 
wavy line as the paper moves along. An automatic jarring apparatus pre- 
vents the friction between the paper and point of the siphon from interfering 
with the free motion of the coil. 


Electromagnetic Induction 

717. Faraday’s Discovery. The year 1831 was made mem- 
orable by the discovery of electromagnetic induction by Michael 
Faraday, then professor in the Royal Institution in London. 
In seeking to find some action of an electric current on a neighbor- 
ing conductor Faraday, having placed a coil of wire carrying an 
electric current upon another coil which was connected to a gal- 
vanometer, found that if the electric current was interrupted 
or broken there was a sudden deflection of the galvanometer 
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lasting only for an instant, and when the battery connection 
was made again there was an equal deflection but in the opposite 
direction. But the steady flow of current in one coil had no 
effect whatever upon the other. 

These momentary currents are called induced or secondary 
currents, while the battery current by which they are produced 
is called the primary current. The corresponding coils of wire 
are known as the primary and secondary coils. 

718. Induction by a Moving or Varying Current. Faraday 
also showed that when a coil carrying a current is moved either 
toward or away from another coil connected to a galvanometer, 
an induced current is set up. 



Such an arrangement as shown in figure 410 may be used, 
where the primary coil A has a current flowing through it from 
the battery and the secondary coil B is joined to the galvanom- 
eter. If the coil A is either pushed down inside of the coil B 
or withdrawn from it, an induced current is obtained which 
flows around B in the opposite direction to the current in A 
when the two are pushed together, but in the same direction 
as in A when the coils are drawn apart. 
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If while the coil A is inside coil B the current in A is made 
weaker, an induced current is set up the same as though A were 
being withdrawn. But when the current in A is strengthened 
the effect is as though the coils were moved closer together. 

719. Induction by Magnets. Since a coil of wire carrying a 
current is surrounded by a magnetic field, it may be supposed 
that a magnet will produce a similar effect, and experiment 
shows this to be the case. When a bar magnet is thrust into a 
coil of wire connected in circuit with a galvanometer there is 
an instantaneous swing of the needle of the galvanometer, but the 
needle at once returns to its zero position and remains there as long 
as the magnet is held at rest; when it is withdrawn from the coil 
there is another instantaneous deflection opposite to the first. 
If the experiment is repeated with the magnet reversed, the 
deflections are opposite to those previously obtained. 



induction Fig. 412 


720. General Condition of Induction. In general an induced 
current is set up in a coil whenever there is a change in the number 
of lines of magnetic force passing through the coil. This condition 
is illustrated in each of the three modes of producing induced 
currents just described. When the two coils of Faraday’s 
first experiment are placed in the relation shown in figure 411 
so that the lines of force due to the primary coil P instead of 
passing through the secondary coil pass on each side of it. 
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there is no induced current in the secondary coil. So also 
there is no induction when a magnet is brought up to the coil in 
the position shown in the upper diagram of figure 412 or when 
the plane of the coil is parallel to the magnet as shown in the coil 
C on the right of the magnet in the lower diagram, but when the 
coil is at right angles to the magnet as in the left-hand coil D 
there will be an induced current when the magnet is brought up 
or taken away, because more lines of force of the magnet pass 
downward through the coil when it is near the magnet than 
when it is at a distance. (See § 511 on number of lines of force.) 

721. Induction by Earth's Field. The inductive effect of the 
earth’s magnetism may be easily observed by means of a coil 
of large area and many turns of wire connected with a suitable 
galvanometer. 

If such a coil is held with its plane perpendicular to the lines 
of the earth’s magnetic force as at figure 413, the maximum 
number of lines of force will pass 
through it. If it is now turned 
quickly into the position B parallel 
to the lines of force, where none 
pass through it, there is an induced 
current because of the change in the 
number of lines of force through the 
coil. If the coil, instead of being 
turned half-way, is turned com- 
pletely over, its position relative to 
the lines of force is exactly reversed 
and the inductive effect is twice as 
great as when it was turned half-way over. 

When the coil in any position is rotated about an axis OX 
parallel to the lines of force of the field, there is no induction 
since no change takes place in the number of lines of force passing 
through it. 

When the coil is laid flat on a table and slipped about from one 
place to another there is no induction, even if the table is tipped 
so that its top is at right angles to the lines of force, because 
the same number of lines of force pass through the coil wherever 
it is, since the field is uniform. 

722, Faraday’s Disc. The following experiment due to Fara- 
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day shows that when a conductor moves across the lines of force 
of a magnetic field an induced electromotive force is developed, 

A copper disc is mounted on an axis so that it can rotate be- 
tween the poles of a horseshoe magnet, the axis of the disc being 
parallel to the lines of force. The edge of the disc dips into a 

mercury trough connected to one end 
of a low-resistance galvanometer cir- 
cuit, the other end of which is put in 
contact with the axle of the disc. 

On rotating the disc in the direction 
of the arrow a current is set up in 
the direction shown in the figure, the 
strength of which is proportional to 
the speed of revolution of the disc. 

Fig. 414. Faraday's disc rotated in the opposite 

direction the current is reversed. 

This experiment shows that each radial strip of the disc, as 
it cuts across the lines of force of the magnetic field, is the seat 
of an electromotive force which is found to be proportional to 
the number of lines of force cut across per second, for it is pro- 
portional both to the speed of rotation of the disc and to the 
strength of the magnetic field. 

723. Electromotive Force of Induction. When the C. G. S. 
electromagnetic system of units is used (§§ 616—617) the electro- 
motive force of induction is numerically equal to the number of 
lines of force, or unit tubes, cut across per second by the conductor; 



that is, 



{E in C. G. S. electromagnetic units) 


where E is the electromotive force induced in a conductor which 
is cutting across lines of force at the rate of N lines in t seconds. 

Or, since one volt (§ 617) is equal to 10^ C. G, S. electromagnetic 
units of potential, „ 

E = — • {E in volts) 


To prove this relation suppose a circuit, such as is shown in figure 415, 
consisting of two straight parallel conducting rails connected together at 
one end and also connected by a cross conductor AB which can slide in the 
direction of the arrow; and let this circuit be in a magnetic field of strength 
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H in which the lines of force are perpendicular to the plane of the circuit. 
Then if AB is slid along by hand at the rate of cm. per second, an 
induced electromotive force wiU be pro- 
duced which will cause a current I in 
the circuit. 

The energy expended per second by 
this current will be /£ (§ 664), but this 
energy is supplied by the work expended 
in moving the conductor along and must 
be equal to it. But a conductor of length 
I which carries a current I across a mag- 
netic field of strength H is acted on by a force F = HIl (§ 697) and if in 
one second the conductor is moved against that force through a distance 
% the work done in one second is Fx — HIlx, We have then, 

IE = HIlx or, E = Hlx, 

but lx is the area moved over by the conductor AB in one second, and so 
Hlx equals the number of lines of force cut across per second. 

Thus the electromotive force of induction hi C. G. S. electromagnetic units is 
show7i to he numerically equal to the 7iumber of lines of force cut across per 
seco7id by the moving conductor. 

724. Illustration. For example, suppose a straight conductor AB^ one 
meter long (Fig. 416), is moved in the direction of the large arrow at the 

rate of 3 meters per sec., and suppose it is in a magnetic 
field of strength 0.5 (about as strong as the earth’s field) 
in which the lines of force are down perpendicular to 
the paper. Then the number of lines of force cut per 
second will be the area in centimeters swept across per 
second by the conductor, multipHed by the number of 
lines of force per square centimeter which in this case 
is 0.5, or jE = 100 X 300 X 0.5 = 15000, which is the 
electromotive force in C. G. S. electromagnetic units; 
to change it to volts it must be divided by 10®, hence 

E = 0.00015 volt 

which is the difference of potential between the e^ids of the 
wire, since it is disconnected and no current can flow. 

725. Why Induction Depends on Change in Number of 
Lines of Force through a Circuit. We are now prepared to under- 
stand why it is that the resultant electromotive force induced 
in a circuit depends on the change in the number of magnetic 
lines of force passing through the circuit. 

It has already been seen that when a coil of wire lying on a 
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moving across 
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table is slid along, no induced current is produced although the 
wires of the coil cut across the lines of force of the earth’s mag- 
netic field (§ 721). The explanation of this is that electromotive 
forces are induced^ but in such a way that they balance each other. 

For suppose the coil is moved 
from A to ^ as in figure 417 and 
that the lines of magnetic force 
are straight down perpendicular 
to the diagram, then the sides 
of the coil cut across lines of 
force in such a way as to cause 
electromotive forces in the direc- 
tion of the arrows. The electro- 
motive forces induced in the two sides therefore act against 
each other in the ring, but they are equal because each side of 
the ring cuts across the same number of lines of force in the 
same time, therefore the electromotive forces balance and there 
is no current. 

If the field is not uniform so that more lines of force pass through 
the coil in the second position B than in the first position, then 
more lines of force must have cut into the coil across its left-hand 
side than have cut out of it across its right-hand side. The electro- 
motive force developed in the left-hand side of the coil will then 
be greater than the other and will cause a current to flow around 
the coil counter-clockwise. Therefore there must be a resultant 
electromotive force whenever the number of lines of force through 
a coil is increased or diminished. 

726. Induced Electromotive Force. Since the electromotive 
force developed in any part of a conductor by induction is equal 
to the number of lines of force which cut across it per second 
(§ 723), it follows that in any circuit or coil the electromotive force 
of induction is equal to the change per second in the number of 
lines of force included by the circuit. 

This is expressed by the formula 



Fig. 417. Coil moved sidewise in 
a magnetic field 


E = 


- 7V2 
t . 


which gives the average electromotive force during the time 
interval t when Ni is the number of lines of force through the 
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circuit at the beginning of the interval and N 2 the number at 
the end. 

By taking the time interval very short we approach the in- 
stantaneous value of the electromotive force as a limit. 

If there are several turns of wire in the coil, to get the total 
electromotive force the above expression must be multiplied by 
the number of turns. 

It is clear from the above that the more quickly the change 
in the number of lines of force takes place the greater the electro- 
motive force. 

727. Induced Current and Total Flow. The induced cur- 
rent at any instant is by Ohm’s law 


T ^ ^ ^ iVi - 

/ == — and since E — 

R t 


we have 


I = 


Ni - N2 

Rt 


The instantaneous value of the induced current is therefore 
greatest when the induced electromotive force is greatest; that 
is, when the change in the number of lines of force through the 
circuit is taking place most rapidly. 

But It, the product of current by the time that it flows, is 
the whole quantity of charge or electricity that passes in time t; 
thus 

^ iVx - N, 

It ox — 


A simple integration shows that this expression holds true 
in every case, at whatever rate the lines of force through the 
circuit may be changing.. The total quantity of electricity passing 
a given point in the circuit in consequence of induction is equal 
to the change in the number of lines of force through the circuit 
divided by its resistance. If C. G. S. units are used for N and R 
the quantity Q will also be in that system. To find it in coulombs 
it must then be multiplied by 10. 

It is to be remarked that the total quantity of the induce 
flow is independent of the time during which the induction takes 
place. It is the same when a magnet is put into a coil as when 
it is pulled out and whether it is moved slowly or rapidly. 
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728. Energy in Induction. Every current of electricity pos- 
sesses energy, and therefore energy is required to produce in- 
duced currents. During the changes which produce an induced 
current energy is supplied to it,, and it dies out immediately 
when the inductive action stops because its energy is expended 
in heat in the conductor if in no other way. When induced 
currents are set up by making or breaking the current in an 
adjoining primary circuit the energy comes from the primary 
battery. When the induced current is caused by the motion of 
a conductor in a magnetic held the energy is supplied by the 
agency which causes the motion. 

For instance, more energy must be expended when a magnet 
is thrust into a coil in which the ends of the wire are connected 
forming a closed circuit than if the ends had not been joined, 
for there is an induced current in the first case and not in the 
other. But in order to expend energy resistance must be over- 
come, and so the induced current must cause a force which 
resists the magnet as it is pushed into the coil. For the same 
reason the current which is induced when the magnet is with- 
drawn must exert a force to resist the withdrawal of the magnet 
so that more work is done than if the current could not flow. 

729. Lenz’ Law. The general law suggested in the last para- 
graph was first stated by Lenz and is known by his name. It 
may be stated thus: An induced current is always in such a 
direction as to resist by its electromagnetic action the motion by 
which it is produced. This law is a direct consequence of the 
conservation of energy, as has been already indicated. 

730. Illustrations of Lenz’ Law. Thus in case of Faraday’s 
disc experiment (§ 722) the induced current tends to rotate the 
disc in the opposite direction (see Barlow’s wheel, § 699) so that 
it is harder to turn the disc while the induced current is flowing 
than if the circuit were disconnected. 

If a thick strip of sheet copper is hung like a pendulum so that 
it can swing edgewise between the poles of a powerful electro- 
magnet, it may swing down with a rush, but is instantly checked 
as it comes between the magnet poles, since there are induced 
in the copper currents of electricity which resist the motion, 
transforming the energy of motion into current energy which 
finally results in heat in the copper. In some forms of galva- 
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nometer a bell magnet is employed, so called because it is 
shaped like a cylindrical bell of steel slit part way up, the poles 
being on the two sides. If such 
a magnet is^ suspended in a 
slightly larger cylindrical cavity 
in" a copper block, it generates 
by its motion induced currents 
which quickly bring it to rest. 

This mode of stopping the vibra- 
tions of a magnetic needle is 
called electrical damping. The 
damping of the coil of a D’ Ar- 
son val galvanometer (§ 704) is 
also explained in the same way. 

731. Aragons Disc. A cele- 

brated experiment of Arago’s, 
which was first explained by 
Faraday, is illustrated in figure 
419. A copper disc is rotated 
rapidly under a magnetic needle 
from which it is separated by a 
sheet of glass or parchment which 
prevents air currents from hav- ^opper pendulum and 

mg any influence on the needle, 

and the needle is carried around with 
the disc. Induced currents are set 
up in the disc which resist the rela- 
tive motion of the two, consequently 
the needle is dragged along after the 
disc. The lines of force due to the 
needle go down through the disc 
under the north pole and the in- 
duced currents are as indicated by 
the dotted curves. It is easily seen 
Fig. 419. Currents in Aragons ^he current 'flowing under the 

needle will tend to cause it to turn in 
the direction of the disc, as in Oersted’s experiment (§ 683). 

732. Rules for the Direction of Induced E.M.F. and Current. 
Lenz’ law leads to the following rules for the direction of the 
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induced electromotive force and resulting current: 

Case of a Wire Moving Across Lines of Force 

In this case the electromotive force induced in the wire is in 
such a direction as to cause a current which will strengthen the 
field immediately in front of the moving wire and weaken the 
field immediately behind it. 

For it has been seen in § 697 that such a current would urge 
the wire across the field in the opposite direction, thus resisting 
the motion. 

Case of a Closed Circuit 

When the number of lines of force through a circuit is increasing^ 
the induced current is in such a direction as to set up lines of 
force through the circuit opposite to those already there, thus oppos- 
ing the increase. 

If the number of lines of force is decreasing, the induced cur- 
rent is in such a direction as to set up lines of force inside the 
coil in the same direction as those already there, thiis opposing the 
decrease. 

733. Self-induction or Inductance. When a current of 
electricity is set up in a coil of wire each turn in the coil ex- 
periences the inductive effect 
of the current starting in all 
the other turns. All act to- 
gether to cause an induced cur- 
rent in the coil opposite to the 
current which is starting. The 
resultant current is therefore 
weaker than . the steady cur- 
rent which will flow when the 
inductive action is over. When 
the circuit is broken the self- 
induced current is in the same 
direction as the current which has 
Fig. 420 been flowing; it acts therefore 

with that current and prolongs 
its flow, causing a bright spark across the gap where the circuit 
is broken. The current induced on breaking connection is known 
as the extra current. 
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In this case, as in all other cases of induction, the action is 
due to that relative motion of conductors and magnetic field 
expressed by the phrase “cutting lines of force/' The coil after 
the current is established has a magnetic field, and includes a 
large number of lines of force. These lines of force form closed 
curves surrounding the coil and may be considered as starting 
in the coil and spreading out in expanding curves as the current 
becomes stronger. Each turn of wire in the coil is cut by all 
the lines of force and hence the electromotive force of self-induction 
depends on the number of turns of wire in the coil and the total 
number of lines offeree that are set up by its current. What is called 
the coefficient of self-induction or the inductance of a coil is the 
product of the number of its turns of wire by the number of lines 
of force through the coil when unit current is flowing in it. Thus 
even a circuit consisting of a single turn of wire has some self- 
induction, but it is greatest in coils which have many turns of 
wire and include a great number of lines of force, as in electro- 
magnets, where the iron core immensely increases the self- 
induction. 

734. Experimental Illustration. Take a large electromag- 
net of low resista|Lce having an armature across its poles and 
connect a small incandescent lamp 
across its terminals, as shown in 
figure 421. Then join the magnet 
to a storage battery which is strong 
enough to light up the lamp when 
connected to it alone, interposing a 
contact key. On pressing the key 
the lamp lights for an instant as the 
electromotive force of self-induction 
opposes the flow of current through 
the magnet and sends it through the 
lamp instead. The lamp dies out, 
however, as the current comes to its 
steady state and divides between 
lamp and magnet. On breaking the circuit the lamp again 
glows as the self-induced current rushes around through the 
lamp instead of leaping the gap at the key. The phenomena 
of self-induction are observed only while the current is changing. 



Fig. 421. Self-induction 
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hmce in case of steady currents self-induction need not be con- 
sidered, but in dynamo machines and all alternating current 
apparatus it plays a most important part. 

In breaking connection in a circuit containing much self-induction, such 
as one including electromagnets or a dynamo machine, great care must be 
taken not to be touching the conductors on both sides of the gap when the 
contact is broken; otherwise a severe shock may be obtained from the extra 
current even when the ordinary voltage in the circuit is small. 


735. Energy of a Magnet. Every portion of the magnetic 
field whether within the iron core of the magnet or outside of it 
has a certain energy in consequence of its magnetization. It 
was shown by Maxwell that the energy per cubic centimeter 

in any part of a magnetic field is - — ? where B is the induction 

at that point or number of lines of force per square centimeter. 

Therefore, when a current is starting in a coil or electro- 
magnet it has to supply the energy of the magnetic field besides 
spending energy in heat owing to the resistance of the conductor. 
After the magnetic field is fully established, which may take 
several seconds in a large magnet, the current is steady and 
spends energy only in heat in the conductor. No energy is re- 
quired to keep up a magnetic field when it is once established. 

The spending of energy by a current in making a magnetic 
field causes the current to delay in coming to its full strength 
and is the cause of the self-induced current on making connection. 

When the circuit is broken the field loses its magnetization 
and therefore gives up its energy again to the current. This 
causes the extra current or induced current on breaking the con- 
nection, and the energy of this extra current is equal to the energy 
that was stored up in the magnet and surrounding magnetic field. 

736. Induction Coil. Ruhmkorff Coil. The induction coil is 
a device for obtaining induced currents of very great electro- 
motive force from an ordinary battery current. The construc- 
tion is illustrated in figure 422. The primary coil, of a few layers 
of large copper wire so as to have small resistance, is wound about 
a central core which consists of a bundle of soft-iron wires. 
Outside of the primary coil and thoroughly insulated from it by 
a thick tube of hard rubber is the secondary coil, made of an im- 
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Fig. 422. Induction coil 


mense number of turns of fine wire the ends of which are brought 
to two insulated posts supporting the discharging rods a and b. 
The diagram, for distinctness, shows only a few turns of wire in 
the secondary; but in the actual instrument there are thou- 
sands of turns, a coil to give a one inch spark must have some- 
thing like a mile of wire in its 
secondary coil. The primary 
must be thoroughly insulated 

from the secondary by a thick : 

tube of hard rubber with hard 
rubber flanges at the ends. The j 

primary coil is connected to a 

battery of a few storage cells and _ - j 

when the current is interrupted ~ TT T", 

j 1 ^ X- r ^ 22 . Induction coil 

the induced electromotive force 

in the secondary coil may be great enough to cause a discharge 
across between the discharging rods. The primary current is 
automatically connected and broken. A device commonly used 
is shown at d. A little block of iron on the end of a spring is 
mounted opposite the end of the iron core of the apparatus. 
The spring rests against the end of an adjusting screw, the 
points of contact on each of them being made of platinum. 
The connections are made so that the primary current flows 
across the contact between spring and screw, and consequently, 
as the core becomes magnetized and attracts the block of iron 
mounted on the spring, the connection is broken. But as the 
core then loses its magnetism the spring comes back and again 
makes the connection; and so the action is repeated, automati- 
cally making and breaking the current many times in a second. 

The self-induction of the primary coil causes both the starting 
and stopping of the current to be prolonged, and consequently 
the E.M.F. of induction would be comparatively small if this 
were not obviated. It is found that if a condenser of suitable 
capacity is connected to the primary circuit, its two surfaces 
being connected one on each side of the point where the current 
is broken, the electromotive force produced on breaking is greatly 
increased. Such a condenser is represented at C; it is usually 
made of alternate sheets of tinfoil and paraffined paper, the odd 
sheets of tinfoil being connected together for one coating and the 
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even sheets forming the other. By this construction a large 
capacity is obtained in very compact form. The condenser is 
often contained in the base of the instrument. 

When the current is broken at d the extra current of self- 
induction rushes into the condenser and charges it instead of 
discharging in a spark across the gap at d. The flow of the 
extra current is thus very quickly stopped; but after the con- 
denser is charged it immediately discharges itself back through 
the coil in a direction opposite to the original current, and so 
more perfectly demagnetizes the core or even magnetizes it 
oppositely. 

By the use of the condenser, then, there is a greater change in 
the number of lines of force on breaking the current, and the 
change is more instantaneous, both effects serving to increase 
the electromotive force of induction; and at the same time the 
sparking at the gap d, which is very destructive to the platinum 
contacts, is greatly reduced. 

737. Wehnelt Interrupter. Instead of a mechanical inter- 
rupter for the circuit an electrolytic cell may be used, known as 
the Wehnelt interrupter from its discoverer. This cell consists 
of a vessel containing dilute sulphuric 
acid, having for the negative electrode a 
plate of sheet lead and for the positive 
electrode a platinum wire or rod covered 
with a glass or porcelain sheathing so that 
only the tip end projects into the acid. 
An adjusting screw is provided by which 
the amount projecting may be regulated. 
If the voltage in the circuit is sufficient 
and the exposed tip of platinum wire is 
properly proportioned to the current, the 
circuit will be rapidly interrupted, bubbles 
of gas being given off at the platinum 
wire accompanied by flashes of light. 

The frequency of interruption depends 
on the self-induction of the circuit and the 
electromotive force of the battery as well as upon the adjustment 
of the platinum point, and may be varied through wide limits. 
With this form of interrupter a condenser is of no advantage. 



Fig. 423. Electrolytic 
interrupter 
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738. Telephone. In the early telephone as devised by Bell 
the receiver and transmitter were alike, the construction being 
shown in figure 424. A hard rubber handle contains a hard- 
steel cylindrical magnet, around one end of which is fixed a 
coil of many turns of 
fine wire the ends of 
which are brought to 
binding screws on the 
handle. A disc of thin 
sheet iron, supported at 
the edges so that it is 
free to vibrate in the i 

middle, is mounted so pic. 424. Telephone receiver 

that its center comes 

close to the end of the magnet and surrounding coil but does 
not touch them. A hard rubber cap or ear-piece having a hole 
in the center fits over the disc and serves to clamp it firmly at 
the edges as well as to improve the quality of the tone by 
favoring the sound waves from the center of the disc. 

Suppose two such instruments with the coil in one connected 
in closed circuit with the coil in the other. If a person speaks 
into one the sound waves impinging on the center of the disc 
cause it to vibrate; but as it vibrates induced currents are set 
up, for when the disc approaches the magnet more lines of force 
pass through the coil into the disc, and as it springs away the 
lines of force spread out again cutting across the coil. These 
induced currents flow through the coil around the magnet of the 
receiving telephone and by alternately opposing and strength- 
ening its magnetism cause the iron diaphragm of the receiver 
to vibrate in exact correspondence with that of the transmitter, 
so that the same motion is given to the air at one end as that 
which caused the disc to vibrate at the other, thus reproducing 
the sound. 

There is a serious defect in this mode of transmission. All 
the energy of the induced currents must come from the sound 
waves which cause the disc of the transmitter to vibrate, and as 
a part of this energy is spent in heat in consequence of the re- 
sistance of the circuit, the sound heard at the receiver must be 
faint. To meet this difficulty another form of transmitter 
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shown in figure 425 is ordinarily used. The cell C containing 
carbon granules between two plates of polished carbon is mounted 




Fig. 425. Transmitter 


between the thin metal diaphragm and the solid back of the 
instrument, and on each side of the cell is a metal plate con- 
nected in circuit with a battery B and the primary winding P 
of a small induction coil, of which the secondary 5 is connected 
to the line leading to the receiving station. 

When so'und waves fall upon the diaphragm of the trans- 
mitter the vibrations cause a variation in its pressure on the 
carbon cell and a consequent change in its resistance. The 
other resistances in the battery circuit are small compared with 
that of the granular carbon, hence variations in its resistance 
cause decided changes in the strength of the current. These set 
up induced currents in the secondary and produce corresponding 
vibrations in the diaphragm of the receiver, thus reproducing 



the sound. 

By this arrangement the en- 
ergy for transmission is supplied 
by the battery, and by taking 
a proper number of turns in 
the secondary coil the induced 
current can be adapted to the 
resistance of the line. 


A telephone line is usually a com- 
plete circuit of two wires instead of 
using the earth, as in telegraphy, and the two wires are carried near together 
so that the inductive action of neighboring telegraph lines and lighting 
wires on one wire may be neutralized by their action on the other. 
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The arrangement adopted in the local battery system is shown in figure 
426. When the receiver R is hung on the hook H the battery circuit is 
broken at D and also the secondary circuit so that no current flows from the 
battery except when the line is in use. The call bell is of very high resistance 
so that only a very small part of the current is diverted through it, and the 
magneto M by which the beU is rung is so devised that it is connected to 
the line only while being used. 

The local battery is often done away with and the current through the 
subscriber’s transmitter supplied by a single battery at the central station . 
One method of connection is shown in figure 427. 

A battery B of about 24 volts is connected to the line at the central 
station; but when the receiver R hangs on the hook h there is no current 
in the line, for the circuit is broken at q and no current can flow across 
through the call bell M because the condenser e is interposed. The sub- 



scriber may be called, however, by connecting to the terminals ah any source 
of alternating current, which causes a surging of current back and forth in 
the line to the condenser, charging it so that first one of its coatings is 
positive and tfien the other, alternately. This current as it flows alternately 
into the condenser and out again rings the call bell M. On the other hand, 
if the subscriber wishes to call central” he has only to lift his receiver 
from the hook. The current is then established through the contact points 
at q and flowing around the relay / closes at g the circuit through the signal 
lamp I which flashes out and shows that a connection is desired. The cor- 
respondent’s line is then connected by means of a flexible cord having two 
conductors and terminating in a double contact plug which connects one 
conductor to a and the other to b. 

The receiver R is so connected that only an extremely minute direct 
current from the battery can flow through it on account of the large resist- 
ance of the bell M (1000 ohms),' but the alternating ‘talking” current 
induced in the secondary .s is readily established through the condenser e. 
The “ talking ” current and the direct current from the battery through the 
transmitter are thus both transmitted over the same line without interfering 
with each other. 

Electromagnetic Units 

739. C. G. S. Electromagnetic Units. The C. G. S. electro- 
magnetic system is based on the unit magnet pole as defined in 
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§ 497, unit current as in § 616, and unit electromotive force as in 
§ 617. These units are determined from the above definitions 
by certain measurements of length in centimeters, of mass in 
grams, and of time in seconds. They have the advantage of 
being directly connected with the fundamental mechanical units 
of the C. G. S. system. Thus the product of current by electro- 
motive force measured in these units gives the rate of spending 
energy in ergs per second. 

The C. G. S. electromagnetic unit of resistance is the resist- 
ance of a circuit in which the above unit electromotive force 
will produce unit current of the same system. 

740. Practical System of Units. The C. G. S. electromagnetic 
units are not of a convenient size for use in commercial measure- 
ments, but it is desirable that the practical units should be related 
to the C. G. S. electromagnetic units by ratios which can be ex- 
pressed by simple powers of 10. 

Thus the volt, the practical unit of electromotive force^ is chosen 
equal to 10® C. G. S. electromagnetic units of electromotive force, 
because that particular power of 10 gives a value nearer to the 
electromotive forces of ordinary battery cells than any other 
would have done. 

The ohm is defined as 10^ times the C. G. S. electromagnetic unit 
of resistance. This power of 10 was adopted because it corre- 
sponds very nearly to the Siemens unit* of resistance which was 
already in use and had been found convenient. 

The ampere is 10“^ times the C.G. S. electromagnetic unit of cur- 
rent. It is determined by Ohm’s law as the current which results 
from an electromotive force of 1 volt in a circuit having a resist- 
ance of 1 ohm. 

The coulomb is the unit of charge. It is the charge transmitted 
in 1 second by a current of 1 ampere. It is almost exactly 
equal to three thousand million electrostatic units of charge as 
defined in § 540. 

The farad is the unit of capacity. It is the capacity of a con- 
denser which will hold a charge of one coulomb when the differ- 

* The Siemens unit is the resistance of a column of pure mercury 1 meter long 
and 1 sq. mm. in cross section, at the temperature of melting ice. Named from 
Sir William Siemens, the distinguished German physicist and engineer who advo- 
cated it. 
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ence of potential between its coatings is 1 volt. This unit is so 
large that ordinary condensers are rated in microfarads, or 
millionths of a farad. 

The henry is the unit of inductance It is the inductance of a 
circuit in which an increase in current strength at the rate of 1 
ampere per second produces a back electromotive force of 1 volt. 

Elaborate experiments have been made to determine how the 
units as above defined may be realized in practice, and the fol- 
lowing experimental values have been obtained: 

The ohm is the resistance of a column of pure mercury 
106.3 cms. long and 1 sq. mm. in cross section at the tempera- 
ture of melting ice. 

The ampere is a current which will deposit 0.001118 gm. of 
silver per second in a silver voltameter. 

The volt may be determined from a Weston normal cell, the 
electromotive force of which at 20"^ C. is found to be 1.0183 volts. 

741, To Change from the Electrostatic to the Electromagnetic 
System. The ratio of any electrostatic unit to the corresponding 
electromagnetic unit is in every case some power of the velocity 
of light (3 X 10^^) cm. per second. 

Electrostatic quantity of charge (3 X 10^^) — charge in 
C. G. S. electromagnetic units. 

Electrostatic quantity of charge (3 X 10^) = coulombs. 

Electrostatic potential X (3 X 10^^) = potential in C. G. S. 
electromagnetic units. 

Electrostatic potential X 300 = volts. 

Electrostatic capacity -f- (3 X 10^°)^ = capacity in C. G. S. 
electromagnetic units. 

Electrostatic capacity (9 X 10^^) = farads. 

Electrostatic capacity (9 X 10^) = microfarads. 

PROBLEMS 

1. A coil of wire of 10 turns, each turn enclosing an area of 900 sq. cms., 
is turned from position A to B (see Fig. 413) in ^ second. Find the induced 
E.M.F. in volts when the strength of the magnetic field is 0.5. 

2. A metal spoke in a wheel is 80 cms. long. If the wheel makes 300 
revolutions per minute in a plane perpendicular to the lines of force of the 

* Named in honor of Joseph Henry, a distinguished American physicist and 
first Secretary to the Smithsonian Institution, who discovered self-induced currents. 
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earth where the held strength is 0.5, find the difference of potential between 
the center and rim of the wheel. Which part is at the higher potential 
when the wheel rotates clockwise as seen by one looking in the positive 
direction of the lines of force? 

3 . Show that the work expended in producing an induced current by 
turning a coil over in a magnetic field becomes twice as great when the time 
of the operation is reduced 

4. A railway train runs south on a straight track with a velocity of 25 
meters per sec. If the vertical component of the earth’s magnetic force is 
0.50, find the electromotive force induced in a car axle 120 cms. long; also 
which end, east or west, is at the higher potential. 

5 . When the vertical component of the earth’s magnetic force is 0.50, 
find the electromotive force induced in a coil of 10 turns of wire 3 meters in 
diameter which while lying on the ground is in J second pulled out into a 
loop so long that the sides touch. 

6 . When a circular coil of 100 turns of wire 1 meter in diameter lying 
on the floor is turned over in 0.3 second, find the average electromotive 
force, earth field being as above. 

7 . If the resistance of the coil in the last problem is 2 ohms, find the 
total flow of electricity in coulombs, also the average current in amperes, 
also the energy spent in producing the current. 

8 . A magnet which includes 6000 lines of force is pulled out of a coil of 
160 turns of wire which closely surrounds it, in 3 ^^ second. Find the induced 
electromotive force in volts. 

9. A disc of iron 60 cms. in diameter mounted in a uniform magnetic 
field so that 4000 lines of force per sq. cm. pass perpendicularly through it, 
rotates like Faraday’s disc (§ 722), making 30 revolutions per sec. Find 
the difference in potential between the edge of the disc and its center. 

10. A rectangular loop of wire 20 X 30 cms. is rotated about an axis 
parallel to the long sides and half-way between them, in a magnetic field of 
strength 2000 . If the axis is perpendicular to the lines of force of the field, 
what win be the average electromotive force in a half rotation between 
reversals (§ 743) when the loop makes 20 revolutions per sec.? 

11 . What is the maximum electromotive force in the case specified in the 
preceding problem? 

Electric Generators and Motors 

Part I. Direct-current Dynamos 

742. Introductory. The first machine by which a continu- 
ous current of electricity was developed by electromagnetic 
induction was Faraday^s rotating copper disc (§ 722). 
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A machine developing current by electromagnetic induction 
consists of a strong magnet between the poles of which an arma- 
ture rotates which contains the conductors in which the currents 
are induced. Such generators, as they are called, are known as 
magneto machines when permanent steel magnets are used, 
and dynamo machines when electromagnets are employed. 

743. Rectangular Armature. Suppose that a simple rec- 
tangular frame of wire is rotated between the poles of a powerful 
magnet as shown in figure 428, and that its ends are connected 
to two rings a and h which are mounted on the axle, and against 
which press two springs connected 
to the ends of the outer circuit. In 
the position shown the upper bar C 
is rapidly cutting across lines of force. 

By the rule of induction (§ 732) the 
induced electromotive force is in the 
direction of the arrow. So also elec- 
tromotive force is developed in D. 

These two electromotive forces act 
together to cause a current in the 
outside circuit from B to A. This 
will be the direction of the current 
so long as C is moving down across 
the field of force and D is moving 
upward. When the coil is in the ver- 
tical position both C and D will be 
moving parallel to the lines of force 
so that there is no electromotive force in the circuit at that 
instant. Then as C comes up and D descends the electromo- 
tive force is reversed, causing a current from A toward B in 
the outer circuit, which reaches a maximum when the coil is 
horizontal, for then both C and D are cutting perpendicularly 
across the lines of force. The electromotive force again be- 
comes zero when C reaches the top and D is at the bottom 
and then reverses again into the original direction. 

In the vertical position of the coil the electromotive force is 
zero, although it includes the maximum number of lines of force, 
because in that position a small motion of the coil does not appre- 
ciably change the number of lines of force which it embraces. 
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While in the horizontal position the electromotive force is a max- 
imum, although no lines of force pass through the coil, because 
the change is most rapid in that postUon. 

The diagram (Fig. 429) exhibits what may be called the 
curve of electromotive force in such a case. The curve starts 
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Fig. 429. Diagram of alternating electromotive force 


with C at the top, the abscissa at any point is the angle through 
which C has moved and the corresponding electromotive force 
is the ordinate, drawn above the horizontal when it is directed 
from B to A, and below when it is reversed. 

The current produced is what is known as an alternating 
current and goes through a complete cycle in the time of one 
revolution of the armature. An alternating current may he 
compared to the surging hack and forth of water in a pipe in which 
a tightly fitting piston is moved to and fro. 

TM. Commutator.. The terminals of the coil just discussed, 
instead of being joined to two rings, may be connected to the 

two halves of a divided ring or com- 
mutator, as shown in figure 430, on 
which rest springs or brushes which 
connect to the external circuit and 
are so placed that they slip from 
one segment to the other at the in- 
stant when the electromotive force 
in the coil is reversing. In the above 
diagram, whichever side of the coil is 
descending, is connected with A , while 
the ascending side is connected with 
B, so that the current is always from 
B to A in the external circuit. The 
current curve in the external circuit 
will in such a case be as in figure 
431, where ordinates represent the current and abscissas the 
corresponding instants of time. Each section of the curve 



Fig. 430. Loop armature 
with commutator 
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represents half the period of a complete revolution of the arma- 
ture. Such a current, though always in the same direction, is 
fluctuating. 

745. The Ring Armature. 

A valuable armature, de- 
vised by Pacinotti, is known 
as the Gramme ring from 
the French inventor who was the first to construct commercial 
machines using that type of armature. It consists of a soft-iron 
ring made of a coil of iron wire or a pile of ring-shaped plates of 
thin sheet iron, wrapped around with a coil of insulated copper 
wire, the ends of which are joined together forming an endless- 
ring solenoid with an iron core. For distinctness in the diagram 
(Fig. 432), the turns of copper wire are shown widely separated. 
Suppose th^ ring to be mounted on an axle and rotated between 
the poles of a powerful magnet as shown in the figure. The lines 
of force of the magnetic field pass from one pole to the other 

chiefly through the iron ring 
as shown by the dotted lines. 
This, of course, is in conse- 
quence of its great permea- 
bility. As the armature 
rotates, those parts of the 
copper winding which cross 
the outside of the ring cut 
across lines of force in the 
space between poles and ar- 
mature. On the right-hand 
side the wires cut down across 
the field, and the electromotive forces in these turns will be from 
the front toward the back of the armature. This tends to cause 
a current in the windings in the direction shown by the small 
arrows. AH of the turns on one side act together like so many 
little battery cells in series, though those in the middle are most 
effective. The outer sides of the turns on the left-hand side of 
the ring, next the south pole of the field magnet, cut up across 
the field of force, and hence the electromotive force in them is 
from the back toward the front of the armature, and so they 
conspire to produce a current on that side in the direction of 
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the small arrows. But it will be observed that in consequence 
of the winding of the wire, the induced electromotive force on 
each side acts to cause a flow around the coil working from the 
bottom toward the top of the ring, and hence the top of the 
coil will be a point of high potential and the bottom a point of 
low potential, when the poles and winding of the armature are 
as shown in the diagram, but there will be no flow around the 
coil for the electromotive force on one side balances that on the 
other. 

To obtain a current ^ the top and bottom of the coil must he con- 
nected with an outside circuit. This is accomplished by the 
commutator which consists of a number of segments of copper 
insulated from each other and mounted in cylindrical form 
around the axis, each segment being connected with a corre- 
sponding point in the copper coil. 

The sections of the armature coil included between the points 
where connection is made to the commutator, all have the same 
number of turns. In the diagram only one turn is shown for 
each section, but any number may be used. 

If the ends of the external circuit are connected to the two 
brushes A to B there will be a current from A to B as indicated. 
For the brush A rests upon the upper segment in the commutator 
which is connected with the top of the wire coil, and is in this 
case a point of high potential, while similarly the brush B is in 
connection with the bottom of the coil where the potential is low. 

The flow of current within the armature coil is around on 
, each side as shown by the arrows, the two 

currents coming together at the top and 
^ flowing out through the commutator at A, 

around through the external circuit, and 
in at the bottom of the armature coil where 
the current divides, half flowing around on 
one side and half on the other. The case 
resembles an external circuit connected to 
Fig. 433. Two batteries batteries joined in parallel (Fig. 433), 
in para e electromotive force of each battery cor- 

responding to that of one side of the armature. 

746. Drum Armature. Of every turn of wire on a ring arma- 
ture part lies on the inside of theming, and this does not contrib- 
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ute to the electromotive force. Whatever slight effect it may 
have, due to the weak magnetic field inside of the ring, is in op- 
position to the outside part. It is desirable to have as httle 
inactive wire as possible in an armature since it adds to its 
resistance. 




Fig. 434. Drum armature circuit 


The drum armature is like a ring armature where the opening 
in the ring is filled up with iron and the turns of copper wire pass 
clear across the ring from one side to the other, so that the only 
inactive wire is that across the ends (Fig. 434). 

The core is a cylinder of iron made of a pile of thin sheet-iron 
plates bolted together, around which the coils of wire pass longi- 
tudinally lying in grooves made for them. In winding, the wire 
starts at one of the commutator 
segments, is passed • around the 

core lengthwise in one of the // \ 

grooves the desired number of i 

times, suppose twice, and then is ^^^12 \ //vx/ r 

connected to the next commutator — \. //.. 

segment. It is then carried right ^ 

on around the core in the next ^ ... 

,1 j- u.- Fig. 434. Drum armature circuit 

groove in the same direction as 

before, making two more turns, and then connected to the third 
segment of the commutator. This process is continued until 
the segment is reached where the winding began and there the 
end is made fast. In this way an endless coil is constructed 
just as in the Gramme ring, and between each commutator seg- 
ment and the one opposite there are two paths by which the 
current may flow within the armature, so that the current 
divides in the armature just as in the ring armature. 

747. Foucault or Eddy Currents. In each of these arma- 
tures the inductive action which causes electromotive force in the 
copper coils also causes a similar electromotive force in the iron 
core tending to set up currents within the core itself. Such cur- 
rents would spend energy in heat, and the double disadvantage 
would result that more work would have to be spent in turning the 
armature, and this useless expenditure of energy would go to 


unduly heat the machine. 

In order to prevent these Foucault currents, or eddy currents 
as they are often called, the iron core is laminated or made up 
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of thin plates insulated from each other by varnish, or paper, 
and lying across the direction in which the currents would flow. 
The thinner the sheets of iron the more perfectly is this waste 
of energy prevented. 

748. Electromotive Force of Armature. The electromotive 
force of a ring armature is easily reckoned. The electromotive 
force of the ring is the same as that of one side, since the two sides 
of the ring act in parallel. Let N be the number of lines of force 
passing through the armature, n the number of revolutions per 
second, and C the number of turns of wire on the ring, then since 
each turn cuts down on one side across all N lines of force once 

in every half revolution, that is in — second, the average electro- 

jin 

motive force induced in each coil as it moves across the field 
must be 

iV 4 - — = 2Nn. 

2n 

But all the coils on one side of the ring act together or in series, 
hence if there are C coils of wire on the ring the total electro- 
motive force must be 

2Nn'-~y 

2 

thus 

NnC 

E — NnC in C. G. S. units, or £ = —— volts. 

The electromotive force depends on three factors: the num-- 
her of lines of force through the armature, the number of revolu- 
tions which it makes per second, and the number of coils of wire 
upon it. 

The electromotive force of a drum armature is calculated from 
the same formula, C representing the whole number of wires on 
the armature which cut across lines of force. 

749. Field Magnets. In most generators and motors the 
armature rotates between the poles of an electromagnet which 
receives its exciting current from the armature. Three modes 
of winding are in use, series, shunt, and compound. In the 
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first diagram in the figure is shown a ^erie^-wound generator. 
The whole armature current passes around the field magnets 
and through the external circuit. Any resistance introduced into 
the external circuit, causing the current to diminish, weakens 
the magnetic field and therefore makes the electromotive force 
of the machine less. When there is no current flowing its elec- 
tromotive force is zero except for the residual magnetism. 

In the shunt arrangement the current in the armature divides, 
part flowing around the magnet and part to the external circuit. 
In order that but a small current may be taken for the magnet, 
it is wound with many turns of rather fine wire. 



Fig. 435. Series and shunt field magnets 


The current through the shunt coil depends only on its resist- 
ance and on the difference of potential of the brushes; hence it 
is constant and the strength of the magnet is constant so long as 
the difference in potential of the brushes is unchanged. The 
electromotive force of such a dynamo is very nearly constant, 
but is slightly greater when no external current is flowing, for 
with increasing current in the external circuit there is more cur- 
rent and a greater fall of potential in the armature itself. 

Compound winding is a combination of the shunt and series 
arrangements, in which there is a shunt coil and also a few turns 
carrying the whole current around the magnets. In this way a 
generator may be made to maintain a nearly constant potential 
at the terminals, though the external current may vary greatly, 
or it may be (?2Jer-compounded so that its terminal electromotive 
force may be greater with large currents than wdth small. 
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Part II. Direct-current Motors 

750. Motors. An electric motor is an appliance in which an 
electric current gives motion to an armature, thus producing 
mechanical work. Small direct-current motors usually have ring 
or drum armatures and are in most respects like generators. 

The action of the ring armature in a motor may be under- 
stood from the diagram ’ (Fig. 436). The current from a battery 

or other source is shown as 
flowing in at the upper brush 
and out at the lower one. 
Within the armature the 
current divides, half flowing 
around and down through 
the coils on one side and 
half through those on the 
other side as shown by the 
arrows, and the effect of 

Fig. 436. Motor with ring armature these currents in the arma- 
ture is to make each half of 
the ring a magnet with its north pole at the top and south 
pole at the bottom. The attractions and repulsions between 
these poles and those of the held magnet cause the armature to 
rotate in the direction of the large arrows. 

Another aspect of the action is worth considering. The gaps 
between the pole pieces and the armature are regions of intense 
magnetic force, and the wires on the outside of the armature 
carry currents directly across these lines of force, up (perpendicu- 
lar to the paper) on the left and down on the right; there is, there- 
fore, a force (§ 697) urging these wires to move across the lines 
of force toward the top of the diagram on the left and toward 
the bottom on the right. 

761. Energy Spent in Motor. While the motor is running mechanical 
work is being done in addition to the energy which is spent as heat in the 
armature in consequence of its resistance. But the total energy spent per 
second in the motor is equal to the product of the current strength by the 
difference of potential between the brushes. Therefore if the current is kept 
constant the difference of jpotential between the brushes must be greater 
when the motor is running and doing work than when the armature is at rest. 

This increase in the difference of potential between the brushes due to the 
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motion of the armature is the bcick electromotive force of the motor. There 
must he such a back electromotvue force in every kind of demce in which motion 
results from the flow of an electric current. 


Let Vi — V2 = difference of potential between brushes of motor. 

IR = drop in potential due to the resistance of the armature. 

Vi — V2 = E + IR where E is the back electromotive force. 

Total watts spent in motor = / ^ armature + watts 

[ spent in heat 


or in symbols 


/(El - Fo) = /£ + PR. 


752. Back Electromotive Force. Connect an electric motor 
to a battery by which it may be driven and introduce into the cir~ 
cuit an incandescent lamp which will glow with full brilliancy 
when the armature of the motor is held stationary. On letting 



the armature run the lamp grows dim, and an ammeter in circuit 
shows that the current has diminished, but a voltmeter connected 
to the brushes of the motor will show a much greater difference of 
potential between them than when the armature was at rest. 

Since the electromotive force of the battery and the resist- 
ance of the whole circuit is imchanged by the running of the 
motor^ it is clear that the current can have been diminished only 
by the development of an electromotive force in the circuit back 
against the driving current. The motor, in fact, while running 
acts like a dynamo and develops an electromotive force, called its 
hack electromotive force, because it acts in opposition to the 
electromotive force of the driving battery. 

753. Starting a Motor. In starting a motor there is at 
first no back electromotive force to oppose the current, and in or- 
der to prevent the current being excessive and “burning out ” the 
armature before the motor is well started some such device as 
shown in figure 438 is commonly used. 

The current is led to the motor through the wires AB, one 
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of which is connected directly to the motor while the other is 
joined to the switch S. When the switch is turned from 1 to 2 
the current flows through coils of wire having considerable 

resistance and starts the armature. 

speed increases, developing 
more back electromotive force, the 
A switch is moved on to 3 and 4, re- 

g ducing with each step the extra resist- 

^ ^ ance until, as the armature comes 

Fig. 438. Starting connec- speed, the switch on 5 makes 

tions of motor direct connection, and the back elec- 

tromotive force keeps the current moderate even though the 
armature resistance may be extremely small. 

754. Generator and Motor. Suppose a transmission system 
consisting of generator and motor and connecting circuit. Let 
the electromotive force of the generator be 200 volts, and sup- 
pose the resistance of the whole circuit including the armatures 
of both generator and motor to be 1 ohm, and let the back elec- 
tromotive force of the motor be 180 volts at the working speed. 


/= 20 Amperes 


I =.10 Amperes 

Fig. 439 


Then the resultant or effective electromotive force in the circuit 
is 200 ” 180 = 20 volts, and the current is 20 amperes. 

Power spent in the generator 200 X 20 = 4000 watts. 

Power used in motor 180 X 20 = 3600 watts. 

Loss in heat {PR) is the difference 400 watts. 

If a motor is used which in running develops twice the back 
electromotive force of that just discussed, then with a current of 
10 amperes as much power will be obtained as with the 20 
amperes in the former case. 

In this case the electromotive force of the generator must be 
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370 volts, and that of the motor being 360 volts the effective 
electromotive force is 370 — 360 = 10 volts. The current will 
therefore be 10 amperes, and we have 

Power spent by generator = 370 X 10 = 3700 watts. 

Power used in motor = 360 X 10 = 3600 watts. 

Power wasted in heat PR = 100 X 1 = 100 watts. 

This is evidently a much more economical arrangement than 

the first and illustrates the general principle that electrical 
energy can be transmitted with least loss by means of small 
currents at high voltage. 

Part III. Alternating Currents 

755 . Alternating Currents. Alternating currents have come 
extensively into use because of the ease with which a large 
alternating current at a low voltage can be changed to a small one 
at a high voltage. The small high-voltage current can be carried 
by comparatively small conductors to a distant point and then be 
transformed down again to a large current at a low enough 
voltage to be safely used for light or power. 

756 . Alternating-current Generator. Almost any direct- 
current generator will give alternating currents if it is provided 
with two rings mounted on the axis and connected respectively 
to two diametrically opposite segments of the commutator. A 
circuit whose ends are connected to these rings by brushes will 
have an alternating current. Such a case was illustrated in 
§ 743. To secure good insulation, high electromotive force, and 
sufficient frequency of alternation, alternating-current generators 
are usually multipolar, as illustrated in figure 440. In the type 
shown the field magnet poles, alternately north and south, pro- 
ject outward from the rim of a rotating wheel and are magnetized 
by the current supplied by a small separate direct-current genera- 
tor called an exciter. This rotary field, or rotor, rotates within 
the fixed armature or stator, in which the poles project inward 
from the outside circular frame. These poles are of the same 
number as those on the rotor, and are laminated or built up of 
thin plates of sheet iron to prevent eddy currents. Around the 
poles of the stator the armature coils are fitted, passing through 
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slots between them and wound alternately clockwise and counter- 
clockwise around successive poles. As the rotor turns and a north 
pole facing one pole of the armature moves over to the next^ the 
lines of force from the pole of the rotor cut across the conducting 
wires lying between the poles of the stator and induce electro- 
motive force in them which reverses as the succeeding south 
pole moves across, thus causing an alternation. But as the 
wires in one slot return in the opposite direction through the 
next slot, and as a north pole is moving across the one while a 
south pole is moving across the other, the electromotive forces 



induced in all act together at every instant, so that in the case 
figured where there are 16 poles, an alternating electromotive 
force is produced 16 times as great as would be developed in a 
single coil. 

If a low electromotive force is desired the several coils of the 
armature may be connected in parallel instead of in series as 
above described. 

757. Virtual or R. M. S. Amperes and Volts. An alternating 
current is constantly varying in strength, as illustrated in the 
curve of figure 441, its average value is zero and it will not give 
a steady deflection of the needle in an ordinary galvanometer. 
A definition must therefore be given of what is meant by an al- 
ternating current of one ampere. Since the energy relations of a 
current are commercially the most important, an alternating cur- 
rmt is said to have the strength of 1 ampdre, when it will develop the 
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same amount of heat in a given resistance as would be produced 
by a direct current of 1 ampere. The heating effect of a current 
at any instant is proportional to the square of its strength at 
that instant, so also the deflection produced by a current in an 
electrodynamometer is proportional to the square of the cur- 
rent strength (§ 705) ; therefore an electrodynamometer meas- 
ures directly the virtual amperes of an alternating current just 
as it does a direct current. 

If the alternating-current curve is a sine curve, the virtual 
strength as defined above is to its maximum value in the ratio 
of 1 to 1.41 (1.41 = a/2); thus an alternating current of 10 am- 
peres ranges from +14.1 to —14.1 amperes in its instantaneous 
values. 



Fig. 441. Alternating-current curve. Current = 10 Amperes 

So also the virtual value of an alternating electromotive force 
is said to he 1 volt when it will develop an alternating current of 
1 ampere in a resistance of 1 ohm having no self-induction or 
inductance. It is common practice to use the term “R. M. 
(meaning ^^Root Mean Square”) in place of the term ^'virtuaV^ 
758. Effect of Inductance. It has already been shown 
(§ 733) that the effect of inductance in a circuit is to cause an 
electromotive force contrary to an increasing current and with a 
decreasing current. In case of alternating currents, the effect 
is twofold. First j it causes an apparent increase in resistance. It 
may be proved that the current produced by an alternating 
electromotive force E in a coil whose coefficient of inductance 
is L and whose resistance is R, is 

/= 

Vi?" + {2TrfLy 
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where / is the number of complete cycles per second, or the fre- 
quency, the current and electromotive force being measured in 
virtual amperes and volts, the resistance in ohms and the induc- 
tance in henrys. The denominator is known as the impedance of 
the conductor. 

If the inductance of the coil is large and if there are a large 
number of alternations per second, the impedance may be large 
although the resistance is small. 

Second, inductance causes the phase of the current to lag behind 
that of the electromotive force, so that the current does not reach 
its maximum value at the same instant that the electromotive 
force is a maximum, but a certain fractional part of a period 
later, which is called the lag. 

The relations of these quantities are 

/ shown by the triangle in figure 442, If 
the base of the right-angled triangle rep- 
resents the resistance of a coil, and the 
altitude, the quantity 2'ivfL, then the 
hypothenuse represents the impedance, 
and the angle a at the base, the angle 
of lag. That is, the current maximum 
lags behind the maximum of electro- 
R motive force the same fractional part 

Fig. 442 of ^ complete period that a is of the 

whole angle about a point. 

759. Theater Dimmers. If an electric glow lamp, connected 
in series with a coil of wire having very low resistance, is lighted 
by means of an alternating current, the light may be dimmed 
by inserting a laminated core of soft iron inside the coil. The 
inductance of the coil is greatly increased in this way and the 
current is decreased, but there is no waste of energy as there 
would have been if the current had been reduced by introducing 
resistance. This method is used for dimming theater lights. 

760. Transformers. Alternating currents are easily changed 
from low voltage to high, or vice versa, by means of transformers. 
A transformer consists of two coils side by side, having a common 
core of soft iron. In the form shown in figure 443, the iron core is 
made up of a pile of thin sheet-iron plates of the shape shown in 
the section. The core thus formed is a block of soft iron having 
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two rectangular holes through it in which the two coils lie side 
by side, one coil having many turns of fine wire and the other a 
few turns of coarse wire as shown in the diagram. When an 
alternating current is set up in one coil it magnetizes the iron 
core, setting up lines of force which at one instant are in the 
direction shown by the arrows in the diagram and a half period 
later are exactly opposite. But the lines of force pass through the 
second coil as well as the first and therefore an alternating in- 
duced current is set up in the secondary coil. 



The same lines of force cut across one coil as the other and 
consequently the electromotive force induced in one coil is to that 
in the other as the number of turns of wire in the coils. 

Suppose it is required to transform from 1000 volts down to 
50. The fine wire coil which is connected to the 1000-volt circuit 
must have 20 times as many turns of wire as the coarse wire coil 
which is connected with the lamps. If no lamps are turned on, 
there is no current in the secondary coil and the magnetic field 
through the primary coil causes such a strong back electromotive 
force that only a very small current flows through it and there 
is but a small loss of energy. 

When lamps are turned on in the secondary a current flows 
which by the laws of induction tends to oppose the changes in 
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flux produced by the primary magnetizing current. This latter 
current then rises to a value sufficient to sustain the original 
alternating flux necessary to maintain the back electromotive 
force which balances the electromotive force of the main line. 

In this way the transformer is self-regulating, the primary 
current being very nearly in the same ratio to the secondary as the 
number of turns of wire in the secondary coil is to that in the pri- 
mary. In the example considered, the current in the primary 
would be one-twentieth that in the secondary. 

The energy spent in the secondary circuit is equal to that 
which the transformer takes from the main line except for a 
small amount, 2 or 3 per cent, which is lost as heat in the trans- 
former. 

761. Advantage of Transformers. Large currents cannot be 
transmitted long distances without great loss in heat unless 
large conductors of low resistance are used, in which case the 
cost and interest charges are high. By means of a transformer 
a large electrical power may be transmitted by a small current 
at high voltage. Thus in districts where scattered houses are 
to be lighted a small current at high voltage is used on the 
street line and transformed down, giving large currents at low 
potentials at the points where lights are used. 

In many lines where power is to be transmitted a long distance 
transformers are used at both ends of the line. Thus at Niagara 
generators develop currents at 13,800 volts, which are then 
transformed up to 66,000 volts, and so transmitted to Buffalo, 
and to other cities from 20 to over 100 miles away, where they 
are transformed down again for power and lighting purposes. 

762. Electric Welding. An important application of large 
electric currents is in fusing bars of metal together. Two bars 
of iron as large even as a man^s wrist may be placed end to end 
and fused together in a few seconds. I^or such a purpose a very 
large current is required just at the spot to be heated. Accord- 
ingly a transformer is used in which the secondary may consist 
of only a single turn or two built of heavy copper bars, the ter- 
minals of which are clamped to the bars to be welded, one on each 
side of the junction. The primary coil is made of many turns of 
wire and takes a comparatively small current at high voltage. 

763. Alternating-current Motor. There are two principal 
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t 3 ^es of alternating-current motors, the synchronous motor in 
which the armature will not start of itself, but must be brought 
by some accessory motor to such a speed that its armature coils 
move from, one field pole to the next in exact synchronism with 
the alternations of the driving current. When brought to speed, it 
will continue to work when driven by a single alternating current. 

A second t 3 ^e is the induction motor in which a rotary magnetic 
field is produced by pol 3 ^hase currents (§ 765). 

764. Rotary Magnetic Field. Suppose that a laminated ring 
of soft iron, having four poles projecting inward as shown in 
figure 445, is wound with two in- 
dependent circuits, one of which 
magnetizes the A and C poles and 
the other the B and D poles. And 
let an alternating current be es- 
tablished in each circuit, the 
phase of the current in the E 
circuit being a quarter of a period 
ahead of that in the F circuit, as 
shown in the curves E and F in 
figure 446, so that one reaches its maximum value, either posi- 
tive or negative, at the instant that the other is passing through 
its zero value. 

The corresponding changes in the direction of the lines of 
force in the field between the poles are shown in the lower dia- 
grams of figure 446. Thus in the first diagram the current E is a. 
maximum, and is supposed flowing from E to E' (Fig. 445) mak- 
ing A a north pole and C a south pole, while at that instant the F 
current is zero. But as the F current increases that in E dimin- 
ishes until F becomes a maximum and E zero. The north pole 
has now passed to B, while A and C have lost their polarity 
as shown in diagram 3. The sign of the E current is now re- 
versed and it begins to flow from E' toward E, making C a north 
pole as shown in 4; at the same time the F current is decreasing 
and becomes zero in 5, where E reaches its maximum negative 
value. In this way what is known as a rotary magnetic field is 
produced in which the north and south poles move around the 
ring making one revolution for every complete period of the 
current. 
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765. Induction Motors. Between the poles of the rotary 
field Just described there is mounted a cylindrical-shaped arma- 
ture having a set of parallel rods of copper at equal intervals 
around the circumference, like the bars in the wheel of a squirrel 
cage, connected across the ends by copper plates. And to 
strengthen the lines of force through the armature, it is filled 



Fig. 446. Diagram of two phase currents and rotary field 


with a soft-iron core made of a pile of circular plates of thin sheet 
iron. As the lines of force of the field rotate they cut across the 
bars of the armature, inducing currents which by Lenz’s law are 
in such a direction as to resist the relative motion of armature 
and field, and the armature is therefore carried around in the 
direction in which the field rotates. But clearly in such an induc- 
tion motor ^ the armature cannot rotate as fast as the magnetic field, 
because it is the difference between the motions of the two that 

causes the induction on which the 
rotation of the armature depends. 

766. How Currents in Different 
Phases are Obtained. Imagine a 
Gramme ring armature as shown 
in figure 447 provided with four 
insulated brass rings mounted on 
its axis, each of which is connected 
permanently to one of the points 
jBFjE'F'', which are just one-quarter 
circumference apart on the ring. 
If one circuit is now connected to 
the brushes e and e' and another to the brushes / and f which 
rest on the rings, the currents in the two circuits will be one* 
quarter period different in phase as represented in figure 446. 



Fig. 447. Connections for 
currents in quadrature 
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767. Three-phase Motors. The usual form of induction 
motor uses three-phase currents, or three currents which differ in 
phase by one-third of a period, and requires only three line wires 
instead of four. The generator has three rings connected, re- 



Fig. 448. Three-phase currents 


spectively, to three equidistant points in the armature, so that 
the currents developed in the three line wires are related as shown 
in the curves of figure 448. It will be noted that the sum of the 
ordinates of any two of the three curves taken at any point along 
the base is equal and opposite to the ordinate of the third curve 
at that point; that is, the sum of the currents in any two of the 



Fig. 449. Connections of three-phase generator to the poles P 
of the field magnet of the motor 


three line wires at any instant is equal and opposite to the current 
in the remaining line wire; the three are, therefore, connected 
together at the farther end and each serves as the return wire for 
the other two, as shown in figure 449. 

Three-phase motors are usually multi- 
polar, each principal pole being subdivided 
into three parts. The figure shows a field 
having twelve small poles which are so 
wound as to form a rotary field with, two 
north poles and two south poles. How this 
is done maybe understood from the diagram 
in which the field ring is supposed to be cut 
at one point and bent out flat so that we look directly at the 
faces of the twelve poles. 

For simplicity the wire is represented as carried only once 
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through each groove. It will be seen that when the current in 1 is 
a maximum in the direction of the arrow the poles will be situated 
as shown in the upper row of letters. A third of a period later 
the current in 2 will be a maximum in the same direction, 
and the poles will then be as indicated in the second row. Then 
after another one-third of a period current 3 will have reached 
its maximum and the poles will have shifted to the positions 
indicated in the third row of letters. There is thus produced a 
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Fig. 451. Windings of a three-phase field magnet 

steady movement of the poles around the ring, moving over the 
distance between two similar poles in the time of one complete 
period of alternation of the current. In the above case, if the 
current has a frequency of sixty periods per second, the field 
will make thirty revolutions per second. 

PROBLEMS 

1. The core of a Gramme ring armature has a cross section of 6 X 10 cms. 
How many turns of wire must it have that it may give an electromotive 
force of 20 volts when making 800 revolutions per minute in a magnetic 
field so strong that where the lines of force in the ring are most concentrated 
there are 6000 per square centimeter? 

2. A certain dynamo armature when making 1000 revolutions per minute 
is supplying a current of 50 amperes at 100 volts. Find the horse-power 
required to drive it and thence the moment of force or torque in pound- 
feet required to turn the armature at the given speed. 

3. When the armature of a certain motor is held fixed a current of 10 
amperes through it causes a difference in potential between its brushes of 
5 volts. When the armature is permitted to run at 600 revolutions per 
minute the current is 4 amperes and difference of potentials at the brushes 
is 30 volts. Determine the back electromotive force of the motor. 
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4 . The core of a drum armature is a cylinder of iron 30 cms. long and 
15 cms. in diameter, the induction through its middle longitudinal section is 
6000 lines of force per square centimeter. If there are 50 complete turns of 
wire on the armature, or 100 longitudinal wires in grooves on its surface, 
what is its electromotive force when making 1200 revolutions per minute? 

6. A transformer has a coil of 250 turns; what must be the size of the 
iron core in order that an average alternating electromotive force of 100 volts 
may be developed in this coil while the number of lines of force in the core 
changes from -f -6000 to —6000 per sq. cm., the current alternating at the 
rate of 60 complete periods or cycles per second? 

6 . A certain transmission line has a resistance of 20 ohms. How much 
power will be lost in the line when 100 kilowatts are transmitted at 2000 
volts? How much when the same power is transmitted at 20,000 volts? 

7 . A multipolar generator having 16 poles (Fig. 440) makes an alternating 
current of 60 cycles per sec. How fast does it rotate? If there are 30 turns 
in each armature coil, what E.M.F. is developed when each pole of the 
rotor gives rise to 100,000 lines of force? 

Electric Discharge through Gases 

768 . Nature of Gaseous Conduction. At ordinary temper- 
atures and atmospheric pressure gases are almost complete 
non-conductors of electricity. Careful experiments have shown, 
however, that there is a slight loss of charge through the air, 
which is due to the presence in the air of a few ionized molecules, 
or molecules which are broken up each into a positive ion and 
a negative ion or electron. 

The electric current is transmitted through the gas at low pres- 
sure by means of the positive and negative ions, which act as 
carriers. With no ions, no current can pass. The same is true 
of conduction through liquids (§ 627). In a gas, however, the 
negative ion is often the electron itself. 

769 . Causes of Gaseous Ionization. Since a gas cannot con- 
duct electricity unless ionized, the question arises, how do gases, 
which conduct electricity, become ionized? Two important 
causes of ionization are collisions between electrons and molecules 
and the direct action of radiation. 

In the former, the few free electrons always present in a gas are 
acted upon by the applied electric field and if the field is strong 
enough these electrons are driven against neutral molecules with 
sufficient force to knock off loosely held electrons, thus producing 
positive ions and electrons. These new electrons in turn produce 
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more by the same action, the effect being cumulative so that the 
number of ions may multiply very greatly in a short distance. 
This cumulative production of ions by collisions is an important 
cause of electric discharge through gases. 

Ionization by radiation is observed readily by exposing a mass 
of gas to X-rays (§ 782). The gas becomes conducting immedi- 
ately so that a gold leaf electroscope quickly discharges. X-rays 
and ultraviolet light (§ 934) have greater power to ionize than 
radiation of longer wave lengths. The ionization of gases may be 
brought about by chemical action and molecular activity at high 
temperatures so that flame gases readily conduct electricity. 

770. Electron Emission from Solids. Another important con- 
sideration in gaseous conduction is, how the electrons, which 
make up the conduction current, are removed from the nega- 
tive electrode. A continuous supply of them is necessary, which 
can hardly be accounted for without their being directly pulled 
out of or emitted from this electrode. The electrons within a 
conductor may be thought of as held there as the molecules are 
held within a mass of liquid. They move easily from one part of 
the liquid to another, but are removed from the surface only by 
expending a certain amount of energy. At high temperatures, 
when the molecules are greatly agitated, the attractive force 
is overcome, and they fly off in the form of a vapor (§ 442). 
Exactly the same thing is true of the electrons within a conductor. 
If the temperature is sufficiently high, they are thrown off as a 
vapor of electrons. In fact evaporation from a liquid and the 
emission of electrons produced by high temperature are governed 
by very similar laws. 

771. Discharge at Atmospheric Pressure. The difference in 
potential between two knobs required to cause a spark to pass 
between them at atmospheric pressure appears .to, be nearly the 
same whatever metal is used for the knobs, but it depends on 
their curvature. 

For knobs over 2 cms. in diameter and more than 2 mm. apart, 
the number of volts required for spark discharge is approxi- 
mately given by the formula 

V = 30,000d + 1500 

where d is the distance between the knobs in centimeters. 
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TABLE OF SPARK POTENTIALS BETWEEN SLIGHTLY 
CURVED SURFACES IN AIR 


Spark Length 

Voltage 

Voltage per Centimeter 

0.0015 cm. 

426 

284,000 

0.01 

948 

94,800 

0.1 

4,419 

44,190 

0.5 

16,326 

32,652 

O.S 

25,458 

31,822 

1.0 

31,650 

31,650 


Heydweiler 


772. Effect of Diminished Pressure. On diminishing the 
pressure, the potential necessary for discharge becomes lower 
until a certain critical degree of exhaustion is reached. Beyond 
this point the higher the exhaustion, the greater the potential dif- 
ference required to produce discharge, until at the highest ex- 
haustions a spark can hardly be made to pass, and discharge will 
take place through several inches of air at atmospheric pressure, 
in preference to 1 mm. in the vacuum. The critical pressure 
is less than a millimeter of mercury wheii the electrodes are more 
than a few millimeters apart, but if they are very close it is 
somewhat greater. 

The appearance of the discharge may be conveniently studied 
in a wide glass tube 3 or 4 ft. in length, closed at the ends with 




Fig. 452. Discharge in gas at low pressure 

caps in which the electrodes are mounted, and connected 
with an air-pump. If the electrodes are connected with an in- 
duction coil or electrical machine, the discharge will take place 
through the tube after a few strokes of the air-pump. At first 
there is a crackling, flashing discharge along narrow flickering 
lines, but as the exhaustion proceeds the lines of discharge widen 
out and fill the whole tube, which glows with a steady light. 
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The discharge at first is between certain points on the elec- 
trodes, but with higher exhaustion the luminous glow entirely 
covers the surface of the negative electrode. 

In this stage the characteristic features of the discharge are as 
follows: A faint velvety glow covers the surface of the negative 
electrode or cathode; just outside of this is the Crookes dark 
space which surrounds the cathode and has nearly a constant 
width everywhere. Then comes a luminous region, called the 
negative glow, and then a dark space, the so-called Faraday 
dark space, after which a luminous column, known as the posi- 
tive column, reaches all the way to the anode. 

The positive column is commonly not continuous, but shows 
alternate ‘bright and dark layers across the path of discharge; 
and these bright layers or stria become broader and farthei 
apart as the exhaustion is increased. 

If the distance between electrodes is increased the appearance 
at the negative electrode is not particularly changed, the posi- 
tive column, however, is increased in length and reaches as 
before nearly to the negative glow. Professor J. J. Thomson 
examined the discharge in an exhausted tube 50 ft. long, and 
found that the positive column reached the entire length of the 
tube to within a short distance of the negative electrode and 
was stratified throughout. 

773. Explanation of Effects Observed at Diminished Pres- 
sure. Electric discharges through gases are doubtless first 
started by the building up of ionization by collision, which so 
multiplies the number of ions and free electrons that the gas 
within the tube becomes conducting, due to the free flow of 
electrons from the cathode to the anode. At the same time 
positive ions near the negative electrode are attracted to it. 

When the pressure of a gas is lowered, the distance between 
the molecules becomes greater so that the few ions always pres- 
ent will move greater distances under the electrical force and 
thus acquire higher velocities before striking molecules. Thus 
a smaller difference in potential than before will be sufficient to 
cause the building up of ionization and start an electrical dis- 
charge. At very low pressures, when the molecules travel several 
cms. between collisions electrical discharge takes place at very 
low voltages, which may be not more than 150 volts. In such 



CATHODE RAYS 


541 


cases the discharge is probably maintained by electrons liberated 
from the cathode by impacts from the positive ions which con- 
tinually bombard it. 

At higher evacuation ionization by collision begins to fail be- 
cause the electrons intercept fewer and fewer molecules before 
hitting the anode owing to the greater scarcity of the molecules 
whose presence make the collisions possible. Therefore the 
means of starting and maintaining the discharge begins to fail 
as the voltage rises until, at the highest exhaustion, no dis- 
charge at all can be made to pass even at the highest voltages. 

774. Geissler Tubes. Geissler tubes, so called from the name 
of a well-known maker who showed great skill and ingenuity 
in their construction, are tubes of glass especially designed for 
the purpose of exhibiting the phenomena of discharge. They 
are exhausted to a pressure of about 1 mm. of mercury, and 
are provided with aluminum electrodes attached to wires 
sealed into the glass. They are usually wide near the elec- 
trodes, but often a part of the tube is quite narrow, and here 
the concentration of the discharge makes the illumination par- 
ticularly brilliant and the stratification very noticeable. 

In some tubes a marked fluorescence of the glass is produced 
by the discharge, some kinds of glass glowing with a yellowish 
green light, while other kinds appear bluish. When such a tube 
is surrounded by a solution of sulphate of quinia or fluorescein 
or other fluorescent liquid, the characteristic fluorescence is 
strikingly brought out. 

The character of the light from such a tube depends on the 
gas which it contains, a tube containing nitrogen or atmospheric 
air appears of a reddish- violet color, a hydrogen tube is much 
bluer, while carbon dioxide gas shows a pale whitish illumination. 
The light of each when analyzed by a spectroscope is found to 
be made up of certain particular wave lengths characteristic of 
the gas. 

775. Cathode Rays. In tubes exhausted considerably beyond 
the pressure of greatest conductivity, say to about one-thou- 
sandth of a millimeter of mercury, where a considerable voltage 
must be applied to cause a discharge of electricity through the 
tube, the electric discharge consists primarily of a stream of 
electrons which pass through the vacuum at high velocity from 
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cathode to anode. This stream of electrons, which is called the 
cathode rays, is projected out nearly at right angles to the surface 
of the cathode, without reference to the position of the positive 
electrode, as would be expected of a stream of electrons moving 

at high velocity. In the tube shown 
in Fig. 453, a sharply defined shadow 
of the metal cross is cast on the end 
of the tube opposite the cathode, 
for the rays excite brilliant yellowish 
fluorescence in the glass wherever 
they strike it directly. The position 
of the positive electrode is immaterial. 

A crystal of Iceland spar or calcite 
on which the cathode rays fall glows 
with orange red light which persists 
some seconds after the discharge has ceased. 

If the cathode is concave, the electrons may be concentrated 
onto a small arc on a surface and produce intense heat which 
may be sufficient to melt even platinum. 

776. Nature of Cathode Rays. That the cathode rays are 
actually a stream of high velocity electrons projected from the 
cathode has been proved beyond doubt experimentally. The 
following are two of the tests which have been used to establish 
this. 

In the tube shown in figure 454 the rays from the cathode after 
passing through a narrow opening in the screen S fall upon a 
sheet of mica running lengthwise with the tube and covered with 
fluorescent material so that the path of the rays is distinctly seen. 
The boundaries of the luminous path are seen to curve outward 
slightly as though the discharge consisted of a stream of particles 
charged with electricity whose mutual repulsion causes them to 
separate while they are streaming forward. 

If a horseshoe magnet is now held with its poles on opposite 
sides of the tube so that its lines of force are at right angles to 
the path of discharge, the rays are deflected to one side. If 
the lines of force are down, perpendicular to the paper, the 
rays will be bent into the position shown by the shaded curve, 
just as would be expected of particles of matter negatively 
charged and projected forward. 



vith screen intercepting 
:athode rays 
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It has also been shown by J. J. Thomson t?lat the stream 
of cathode rays is deflected when a positively or negatively 
charged body is brought near it, being attracted by the former 
and repelled by the latter. 

From the amount of deflection of the rays in a magnetic field of 
known strength, taken in connection with the deflection caused 
by a known electrostatic field, J. J. Thomson estimated that 
the particles forming the cathode rays have each a mass of about 
of a hydrogen atom, and move with a velocity which 



Fig. 454. Cathode rays deflected by magnet 


depends only upon the fall of potential in the tube, and may be 
about - 3 ^ of the velocity of light or about 18,000 miles per second. 
Each particle carries a negative charge equal to 4.77 X 10“^® elec- 
trostatic units. 

By such experiments Sir J. J. Thomson about the year 1898 
was the first to show that electricity is not a fluid but is atomic 
in its structure, and to measure the mass and charge of this atom 
of electricity known as the electron (contraction for electric ion). 

777. Hot Cathode Tubes. It has been mentioned already 
that if a tube is sufficiently highly evacuated no electrical dis- 
charge can be made to pass through it, however much the voltage 
between the electrodes of the tube is increased. If the cathode 
be heated to a high temperature, however, electron emission 
takes place directly as a result of thermal agitation. To accom- 
plish this, the cathode is made in the form of a filament, usually 
of tungsten, so that it can be heated by passing an electric 
current through it. As mentioned in § 770 the thermal emission 
of electrons is governed by laws similar to the evaporation of 
molecules from a liquid surface. The rate of emission depends 
upon the temperature according to a definite law. Figure 455 
shows the electron current emitted per square cm. from the 
surface of tungsten for different temperatures. Above red heat 
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the rate of emission rises extremely rapidly indeed until limited 
by space charge (§ 780). If the temperature is raised above 

3000° C. the tungsten metal 
itself begins to evaporate an 
appreciable amount so that 
the life of the filament is 
decreased. 

778. The Work Function. The 
affinity of a surface for electrons 
is different for different sub- 
stances. It is measured by what 
is called the work function of that 
surface which is proportional to 
the work necessary to pull an 
electron out of the surface. The 
electrons within the surface are 
moving with all sorts of different 
Tempemture-Degyeea Kelvin velocities. The fastest moving 

273 to reduce to Oontig.ade) electrons shoot Out from the sur- 
Fig. 455. Thermionic emission from face against its attractive force, 
tungsten the number which escape in this 

way per second rapidly rising 
with temperature. This accounts for the rising curve of figure 455. In 
general the smaller the work function of a substance, the lower the tem- 
perature required to produce a given electron emission. Therefore many 
hot cathode tubes are used with their filaments coated with oxide of 
calcium, barium, strontium or caesium, whose work functions are of the 
order of half that of tungsten or of platinum. These filaments operate at 
much lower temperatures than non-coated tungsten filaments. 



779. Thermionic Rectifiers. An. important application of the 
emission of electrons from filaments has been made in thermionic 
rectifiers. A rectifier is a device used to rectify an alternating 


electric current so that it flows 
in one direction only, thus be- 
coming a direct current. 

The alternating voltage ter- 
minals are connected to the pri- 
mary of a transformer as shown 
in figure 456 and the rectifier is 



Transformer 

Fig. 456. Thermionic rectifier 


connected in the secondary circuit. It acts as a valve in this circuit 


permitting a current of electrons to flow from the filament across 


the tube to the opposite electrode, but not in the reverse direction. 
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The induced alternating electromotive force in the secondary 
coil causes the potential of the filament alternately to fall below 
and rise above that of the opposite electrode once every cycle. 
When the filament voltage is low, or when it is negative, electrons 
can leave the fiilament and cross to the opposite electrode. When 
the latter is negative, however, the ciArrent is completely cut off 
since there are no carriers present to carry charge in the opposite 
direction. The thermionic rectifier thus acts as a valve in the 
secondary circuit, allowing a pulse of current to flow out of the 
filament only, once every half cycle. The resultant effect is a 
pulsating current which always flows in the same direction. 

The figure shows a tungar rectifier which is being used to 
charge a storage battery. This type of thermionic rectifier is 
designed for low voltages and comparatively large currents. The 
current is far larger than is possible from thermionic emission 
alone. The result is brought about by the presence of a small 
amount of the inert gas argon which becomes ionized by col- 
lisions, the positive ions also taking part in producing the 
current. If the alternating voltage across this type of tube be 
increased beyond a certain point, current flows through the tube 
in both directions, and its rectif 3 dng action breaks down. Low 
voltages only can be used on a thermionic rectifier containing gas. 

Another t 3 ^e of thermionic rectifier called the kenotron is de- 
signed for use in applications where high voltage is required. 
This tube is highly exhausted so that the so-called thermionic 
current only is made use of. It is operated through a transformer 
just like the tungar rectifier. By its use direct currents of over 
100,000 volts may be produced, but they are small, not over 
J to 4 amperes, since they are limited by the magnitude of the 
thermionic current which can be emitted from the filament. 

780. Space Charge. If the voltage across a thermionic 
vacuum tube with two electrodes, like the kenotron, be raised 
gradually, the electron current rises gradually also as shown in 
figure 457 until a certain voltage is reached beyond which the 
current changes but slightly. The latter effect is easily explained 
since at a particular filament temperature electrons are emitted 
at a definite rate, and an increase of voltage has little effect upon 
the number emitted per second, characteristic of the filament 
temperature. 
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It is very surprising indeed, however, that current curve of 
figure 457 gradually falls off below a certain voltage. This 
shows that unless the voltage is sufficiently high something 

ture prevents the electrons from 

leaving the filament as fast as 

/ they would if they were free to 

Filament Tempe rature Thl^ WaS prOVed by 

C. D. Child and I. Langmuir 
to be caused by the repulsive 
action of the swarm of elec- 
trons, which are passing 
„ 20^' 40 ' 60 ' 80 ' 100 '120 through the tube, upon those 

Volts between Plate and Filament 

-c, o u T j ^ at the surface of the filament. 

Fig. 457. Space charge limited current . , . . . . , 

Each electron as it is emitted, 

although attracted by the positive electrode, is repelled by every 
electron in the space between these electrodes. When the 
voltage across the tube is low, this space charge, as it is called, 
may thus actually check the rate of emission of the electrons. As 
the voltage is raised the electron flow increases also, 
the checking action due to the space charge repul- 
sion becoming less and less until the voltage becomes 
high enough to drawoff alloi the electrons which the 
filament is emitting at the temperature at which it 
is operated. Thereafter a still further increase in 
the voltage has little effect upon the current flow. 

Since the electrons move slowly on first leaving 
the filament they are much closer together there than 
some distance away from it towards the anode where 
they have accumulated considerable velocity. Thus 
the negative space charge is particularly dense near 
the filament where it can be most effective in check- 
ing electron flow. The presence of but few positive Fig. 458. 
ions has a very great neutralizing action on electron Three elec- 
space charge, since the relatively massive positive 
ions move much slower than electrons and remain 
between the electrodes much longer. One positive ion per 
second may thus neutralize the space charge effect of more 
than 100 electrons per second. 

781. The Three Electrode Vacuum Tube, If a third electrode 
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in the form of a grid (Fig. 458) is placed between the filament and 
plate, as the anode is called, of a vacuum tube operating at such a 
voltage that its electron current is limited by the negative space 
charge, it is found that the sHghtest rise and fall of the potential 
of this grid above and below the filament produces a decided 
rise and fall of the current from filament to plate, called the plate 
current. This is not true, however, for a voltagjg between fila- 
ment and plate which is so high that the full electron current is 
permitted to flow. In the latter case a slight fluctuation of the 
potential of the grid has no appreciable effect upon the electron 
current. Three electrode vacuum tubes are devices by which a 
slight voltage fluctuation, through the space charge fluctuation 
it produces, may be transformed into an exactly corresponding 
fluctuating electron current. The voltage fluctuation is applied 
between grid and filament, the latter usually being at ground 
potential. These tubes are therefore always operated at vol- 
tages low enough so that the plate current is limited by space 
charge. The best operating voltage depends upon the tube 
design. 

782. X-rays. A very remarkable kind of radiation emanating 
from those parts of a cathode ray tube which are bombarded by 
the electron stream was discovered by the German physicist, 



Rontgen, in 1895. This radiation, called Rontgen rays or X-rays 
is strongly sent out from an oblique plate of tungsten or platinum 
on which the cathode rays are converged, as shown in figures 
459 and 460. 

X-rays are detected by photography, as they act powerfully 
on an ordinary dry plate, and also by their power to excite fluores- 
cence. They are not deflected by a magnet. They are reflected 
to some extent, however, and are slightly refracted by prisms 
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and lenses, although this latter is so slight that it was but recently- 
detected. They have a remarkable power of penetrating sub- 
stances of small density such as wood, pasteboard or flesh, which 
are opaque to light. While they penetrate metals to a less extent, 
especially those of large density Hke lead and platinum, they 
nevertheless are being used for the detection of gas bubbles and 
other flaws on the interior of metal castings. 

A fluorescent screen made of pasteboard covered with fine 
crystals of barium platino cyanide or calcium tungstate will glow 
brightly if brought in front of an X-ray tube in a darkened room. 
If the hand is interposed between the tube and the screen, the 
flesh, being most easily penetrated by the rays, will show but 
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Fig. 460. Coolidge X-ray Tube 

faintly, while the shadow of the bones is strongly marked. If a 
photographic plate enclosed in the usual plate holder with slides 
of hard rubber, wood or pasteboard is substituted for the 
fluorescent screen, a photograph is obtained on development 
such as shown in figure 461. 

A mass of gas is ionized and made conducting by exposing 
it to X-rays. When a charged electroscope is exposed to X-rays 
it quickly loses its charge. 

783. Coolidge X-ray Tube. The older forms of X-ray tubes 
as shown in figure 459 employed a cold cathode and contained a 
small amount of gas necessary to make them conducting as de- 
scribed in § 773. A small variation in the amount of gas in the 
tube or the presence of small amounts of gases which may come 
from the electrodes or the glass have a great effect upon the 
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ionization produced and change the electrical conductivity of 
the tube so that its operation is dfficult to control. Such a 
tube cannot be operated at very high voltages without excessive 
electrical discharges passing through it. 

This^difficulty wras overcome by W. D. Coolidge w'ho used 
a highly evacuated tube with a hot cathode to furnish the neces- 
sary electron supply for the cathode ray beam (Fig. 460). The 
voltage which may be apphed to such a tube is limited only by 
its strength to withstand rupture or spark-over. A large Coolidge 
X-ray tube may be operated at over 200,000 volts. Further- 



Fig. 461. Radiograph of foot in shoe 

more, accurate control of electron discharge is possible by regulat- 
ing the filament temperature. The high voltage used drives 
the electrons against the anode with great velocity and produces 
X-rays of very great hardness, or penetrating power. 

X-ray tubes of this t 3 rpe must be carefully screened with 
sheet lead to intercept stray X-rays which may otherwise pro- 
duce burns of a very serious nature upon the flesh of the operator. 

784. The Nature of X-rays. It has been proved that X-rays 
are a wave phenomenon, that is, they are transmitted through 
space as waves of exactly the same nature as waves of light 
(§ 1006) but they are waves of extraordinarily short wave length, 
far too short to be perceived by the eye as light, except through 
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secondary effects as described in § 782. It will be seen later 
that X-rays, light waves and radio waves are all of the same 
nature; they are electromagnetic waves. X-rays are more fully 
discussed under light (§§ 977-980). 

785. Positive Rays. In contrast to cathode rays, which are a 
beam of electrons, beams of relatively massive positive ions are 
also observed, when the cathode in a highly exhausted vacuum 
tube is pierced with holes. These positive rays as they are called 
may be seen as streams of light coming through the holes and out 
back of the cathode, and thus are directed away from the "posi- 
tive electrode in the opposite direction to the cathode rays. 
They were discovered in 1886 by Goldstein and originally called 
canal rays because of the small openings or canals through which 
they passed. The positive ions which make up these rays are 
produced through ionization by collision from the small amount 
of gas remaining in the tube. The exhaustion must be high 
enough, however, so the positive rays are not too much interfered 
with by collisions with gas molecules. It must be higher than 
for cathode rays because of the relatively large size and slow 
speed of the positive ions. The positive ion of hydrogen has a 
mass of nearly 2000 times that of the electron, and positive ions 
of other elements are still more massive. Therefore the velocity 
of positive rays is very much less than that of the cathode ray 
particles. These canal rays are found to consist of positively 
charged particles by experimental tests similar to those which 
established the identity of cathode rays (§ 776). 

If a single beam of the positive rays is projected through a 
strong magnetic field the beam can be made to spread out into 
separate beams, depending upon the number of kinds of positive 
ions present, since the lighter ions are more deflected than the 
heavier ones by the magnetic field. By this type of positive 
ray analysis, J. J. Thomson, F. W. Aston and A. J. Dempster 
have^'proved the existence of and measured the atomic weights 
of isotopes of elements. These are discussed in § 806. 

Radioactivity 

786 . Radioactivity. In 1896 the French physicist Becquerel 
discovered that minerals containing uranium gave out a radia- 
tion which resembled X-rays in acting on a photographic 
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plate through an envelope of black paper. He also showed that 
the uranium or Becquerel rays, as they were called, had the power 
to discharge electrified bodies, so that by using a sensitive 
electroscope they could be easily and accurately detected and 
their intensity measured. The photographic action was very 
slow, an exposure of several days being required to produce 
a distinct impression. 

Following out this discovery, Mme Curie made a systematic 
search for other active substances and found that thorium pos- 
sessed a similar power of radioactivity, as it now came to be called, 
a discovery which was also independently made by Schmidt. 

It also appeared from these investigations that radioactivity 
is an atomic phenomenon. For the radioactivity of any given 
compound of uranium was found to be simply proportional to 
the amount of uranium in the substance, and in no way dependent 
on its physical or chemical condition. 

But uraninite, an oxide of uranium called pitchblende, was 
found to be several times more active than could- be accounted 
for by the amount of uranium which it contained, and hence 
Mme Curie concluded that it must contain some unknown and 
highly radioactive substance, and resolutely set out to isolate it. 
As a result of the laborious treatment of several tons of pitch- 
blende and uranium residues, a few hundredths of a gram of a new 
and astonishingly active element were obtained (in 1898) to 
which the name radium was given. This substance is obtained 
usually as a chloride or bromide, and is estimated to have in the 
pure state about two million times the activity of uranium. 

Some radium compounds glow with a faint luminosity in the 
dark, though pure radium bromide is only feebly luminous. 
Crookes showed that if a minute particle of radium bromide is 
supported about a millimeter in front of a surface coated with 
phosphorescent zinc sulphide, the latter lights up with flashes of 
light, probably due to its bombardment by alpha particles from 
the radium. The scintillations which make up the glow on 
luminous watch hands are produced by the emission of alpha 
particles from a radioactive material used in the luminous coating. 

787. Complex Character of the Radiation. The radiation 
from uranium, thorium, or radium, is found to contain three 
distinct kinds of rays known as alpha, beta, and gamma rays. 
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These different rays are distinguished from each other in two 
ways: by their penetrating power and by their deflection in a mag- 
netic or electric field. 

The alpha rays are completely stopped by a few centimeters 
of air or a layer of aluminum foil 0.05 mm. in thickness. They 
consist of positively charged particles having a mass about 
four times that of the hydrogen atom and are projected with a 
velocity of about 20,000 miles per second. 

The beta rays have about 100 times the penetrating power 
of the alpha rays. They consist of negatively charged particles 
having only about the mass of the hydrogen atom and 

seem to be of exactly the same nature as the cathode rays in a 
vacuum tube except that the velocity of projection of the par- 
ticles in the beta rays is much greater than is usual in cathode 
rays, and in case of radium is found to be from 0.3 to 0.9 the 
velocity of light. 

The gamma rays are the most penetrating of all; these rays 
from 30 mg. of radium bromide having been detected by their 
effect on an electroscope after passing through 30 cm. of iron. 
They are not deviated in a magnetic or electric field and are 
of the same nature as the Rontgen rays from a hard X-ray 
tube. They probably originate in the collisions of beta par- 
ticles with the substance itself in its interior, just as X-rays 
arise from the impacts of cathode-ray particles against some 
obstacle. 

788 . Ionizing Power of the Rays. The power to discharge 
electrified bodies is possessed by all three kinds of rays, and is 
explained by their ionizing effect (§ 768) upon the gas through 
which they pass. The alpha particles with their comparatively 
great momentum have the greatest ionizing power and as they 
rush through a gas knock out electrons from an immense number 
of atoms along their paths. The beta particles or electrons which 
are ejected also ionize some of the atoms which they strike, 
but even though their velocity is very great, because of their 
smaller mass they produce less ionization than the alpha particles. 
The gamma rays or X-rays also have the power to make a gas 
conducting through the ionization they produce. 

789 . Paths of Alpha and Beta Particles. The ionizing effect 
of alpha and beta particles upon a gas has been demonstrated 
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in a very remarkable series of photographs obtained by C. T. R. 
Wilson, two of which are reproduced in figures 462 and 463. 
The method which he employed makes use of the fact that when 
a gas saturated with moisture is suddenly expanded a cloud of 
condensed vapor forms. Wilson found that by regulating the 
exact degree of expansion the condensation might be caused to 
take place only on atoms of gas that were ionized, so that, since 
an alpha particle in shooting through a gas produces a great 
number of ions along its path, the sudden expansion of the gas 
just after the particle has passed causes the condensation of 
microscopic drops on these ions and if these drops are instanta- 
neously illuminated by an electric spark, before they have time 
to scatter or dissipate, they may be photographed and the path 



Fig. 462 Fig. 463 


of the particle thus outlined. Figure 462 shows the intense 
ionization caused by the motion of an alpha particle from 
radium, something like 30,000 ions per centimeter being pro- 
duced along its path. As its velocity grows less its path is 
more affected by the atoms through which it strikes, as shown 
by the sudden changes in direction toward the end. Finally, 
its velocity becomes too small to ionize the gas and its path be- 
comes invisible. 

Figure 463 shows the paths of beta particles which are set free 
from atoms of gas by a narrow pencil of X-rays. Each beta 
particle produces but few ions along its course compared with 
the number produced by an alpha particle, and their paths are 
very crooked and irregular because the momentum of one of 
these particles is so small that its direction of motion is greatly 
changed in passing through atoms of gas. 


554 


ELECTRODYNAMICS 


790. Energy and Heating Ejffect of Rays. Although the 
velocity of the alpha particles is less than that of the beta par- 
ticles, yet in consequence of their greater mass the energy of 
motion of each alpha particle is something like 120 times that of a 
beta particle^ consequently the heating and ionizing effect of 
the rays is mainly due to the alpha particles. 

It was found by Curie and Laboi'de, in 1903, that radium 
was a constant source of heat, one gram of radium bromide 
giving out more than 100 gram-calories of heat per hour, or more 
than enough to melt its own weight of ice in an hour. This ex- 
traordinary development of energy is believed to be mainly due 
to the escaping alpha particles which are absorbed within the 
mass of radium itself and in the enclosing vessel, their energy 
of motion being transformed into heat. Originally the energy 
must have existed in the radium atoms before the alpha particles 
were given off. 

791. Radioactive Transformations. Evidently an atom of 
radium cannot give out alpha and beta particles with a corre- 
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Fig. 464. Diagram of radioactive transformations 

spending expenditure of energy and remain the same as before. 
The atoms of the radioactive substances have such slight stability 
that at every instant some of them are reaching a condition of 
instability and breaking up or exploding with the expulsion of 
alpha or beta particles and coming to a new state of equilibrium. 
In case of radium, about half the particles in a given mass will 
have broken up in this way in the course of 2000 years. When 
such a change has taken place, and an alpha particle has been ex- 
pelled, the new state of equilibrium is often even less stable than 
the original one, and consequently another alpha particle is soon 
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expelled and another state of equilibrium reached which itself 
may also be short-lived, and so there takes place a series of 
changes in the course of which the various kinds of rays are given 
off, and finally a condition of such stability is reached that no 
further change is detected. This disintegration theory was pro- 
posed by Rutherford and Soddy in 1902. 

The diagram indicates the series of changes of the radium 
atom as followed out by Rutherford, and under each step is 
given the time in which that product is half transformed. Thus, 
while radium itself is half transformed in 2000 years, the instabil- 
ity of the emanation is so great that any given portion of it will 
be half transformed in 3.75 days; while radium A is the most 
unstable of all, its period of half transformation being only 3 
minutes. 

The sizes of the spheres in the diagram represent the relative 
amounts of the various products that are present in a mass 
of radium which is undergoing change, and has come to such a 
state of equilibrium that each product is being produced from 
the one preceding it in the series, just as' rapidly as it is being 
transformed into the next succeeding one, and is therefore neither 
increasing nor decreasing in amount. 

Since radium is being constantly though slowly transformed, 
it must disappear from the earth in the course of a few thousand 
years unless it is being produced in some way. It is now known 
that radium is a disintegration product of uranium, for ura- 
nium has the greater atomic weight, they are always found to- 
gether, and it has been shown that the amount of radium in any 
radioactive mineral always bears a constant ratio to the amount 
of uranium which it contains, viz., about 1 to 2,630,000. 

The transformation of uranium itself is so slow that it will 
require, according to Rutherford, a period of at least ten thou- 
sand million years for any large fraction of it to be transformed. 

Uranium goes through five transformations before radium is 
finally reached. The last two products before radium, called 
Uranium 2 and Ionium, have each a life of more than 100 times 
that of radium. 

792. Helium. In 1868 Lockyer proposed the name helium 
for an unknown substance existing in the sun and causing a line 
in the solar spectrum which could not be obtained from any 
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known terrestrial substance. Nearly thirty years later Ramsay, 
an English chemist, identified it with a gas obtained from some 
radioactive minerals. Its occurrence in these minerals suggested 
to Rutherford and Soddy that it might be a product of the dis- 
integration of radium. Later Ramsay and Soddy collected in a 
tube some of the emanation from radium, and though at first 
there was no indication of the presence of helium, after five days 
its complete spectrum was obtained. Helium is a gas having 
twice the density of hydrogen, and it is found that the alpha 
particles given off in the transformations of radium form the 
atoms of helium. This result is remarkable as the first case 
in which one stable element has been derived from another. 

793. Final Product of Radium. If the atomic weight of the 
alpha particle is 4 (the same as helium), then, since the atomic 
weight of uranium is 238.5, the loss of three alpha particles 
would bring it down to 226.5, which is almost the same as 225, 
the observed atomic weight of radium. Then, as five alpha 
particles are given off from radium in the series of changes 
indicated above (§ 791), the atomic weight of the final product 
would be expected to be 206.5, which is in close agreement with 
206.9, the atomic weight of lead. The suggestion that lead may 
be the final product of the radium changes is due to Boltwood and 
is supported by the fact that lead is always found associated 
with radioactive minerals which are rich in uranium. 

It has been shown recently that lead from radioactive minerals 
has an atomic weight slightly less than that of ordinary lead. 
The two kinds of lead differ slightly in density, but in their 
properties including their spectra they are identical. 

This difference in atomic weight is explained through the pres- 
ence of several isotopes (See § 806) in ordinary lead the mixture 
of which gives it a somewhat greater atomic weight. 

These discoveries that radium, helium, and lead also are prod- 
ucts of the disintegration of uranium give new emphasis to a 
very old suggestion that the atoms of what we. call the elements 
are a number of stable aggregates built up from some simple pri- 
mordial atom. Whether the elements as we now know them are 
to be regarded as so many stages in the gradual disintegration 
of originally more complex atoms of high atomic weight or are 
various stable aggregates formed independently and perhaps si- 
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multaneously under physical conditions that we cannot now dis- 
tinctly conceive, is a question that cannot now be answered, 
though the absence of any perceptible radioactivity in the case 
of most substances points toward the latter origin. These ideas 
are further developed in § 806. 

794. Internal Energy of Atoms. That there exists an enor- 
mous amount of energy in the interior of atoms is evident from 
the heat which is given out by radium in its slow transforma- 
tion. It has been calculated that one gram of radium gives out 
133 gram-calories of heat per hour, but as the average life of a 
radium atom is 2440 years, it follows that the whole amount of 
heat emitted by one gram of radium in the process of transforma- 
tion is 2,830,000,000 gram-calories or more than three hundred 
thousand times as much as is given out in the combustion of a 
gram of coal. And it must not be forgotten that this enormous 
amount of energy can represent only a small fraction of the total 
internal energy of the atoms in a gram of radium, being merely 
that part which is given out when the atoms pass from one state of 
equilibrium to another. This energy is detected in radioactive 
elements only in consequence of their disintegration, but there is 
no reason to suppose that the internal energy of these elements is 
of a different order of magnitude from that of the other elements. 

Atomic Structure 

795. All Atoms Contain Electrons. Electrons are associated 
with so many electrical, physical and chemical phenomena that 
they are without doubt a fundamental unit in the structure of all 
atoms of matter. 

Cathode rays are always a stream of electrons, whatever 
metal the cathode which emits them is made of, or whatever 
be the residual gas in the tube. Charges of electricity produced 
by friction as in Millikan’s oil drop experiments (§ 560) are found 
to be made up of grains of electricity identical with electrons. 
The beta particles emitted from radioactive substances, the 
negatively charged particles appearing during ionization (§ 768) 
or from metals acted upon by X-rays or by ultraviolet light 
are all found to have exactly the mass and charge of the electron. 
Since the mass of the electron is only about 
hydrogen atom its charge is so small that it takes over 2000 
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million of them to make up the electrostatic unit as defined in 
§ 540. 

796. All Atoms Contain Positive Electricity; Protons. It 
was seen in the discussion in electrostatics that when electrons 
are removed from a conductor it is left positively charged. It 
is thus natural to suppose that atoms contain positive electricity 
as well as electrons. This positive charge, however, unlike 
electrons, has never been separated from the atom. All that 
can be said is that the positive hydrogen ion of mass about 1840 
times that of the electron is the least massive separate positive 
charge known, its charge being equal but opposite to that of the 
electron. It has received the name proton. The modern theory 
of matter states that atoms of the elements are made up of 
nothing more than aggregates of discrete portions of posi- 
tive and negative electricity. Mass inertia is the resistance 
offered by these electric charges to being accelerated. The 
reason why the mass of the positive elementary charge, or proton 
is greater than the mass of the negative charge, or electron, al- 
though the two charges are equal in amount, can be shown to 
arise from the much smaller volume occupied by the proton. 

It is supposed that in the neutral state every atom of matter is 
made up of a certain number of protons and an ecpial mmiber of 
electrons. When an atom loses an electron it becomes positive, 
when it gains an extra one it becomes negative. 

797. The Structure of the Atoms. Every atom is believed to 
have a definite structure consisting of an extremely small nucleus 
in which is packed all the positive electricity and around which 
the negative electrons are arranged in some definite order but 
with wide spaces between them. 

The nuclear theory of atomic structure is largely a consequence 
of some remarkable experiments by Sir Ernest Rutherford 
about the year 1912, in which alpha particles (§ 787) projected 
from radioactive substances were shot through thin foils of vari- 
ous metals. The number of alpha particles projected through 
a given small area of foil were actually counted from the scin- 
tillations produced by the alpha particles on a zinc sulphide 
screen. It was found that a certain small percentage of the alpha 
particles, instead of passing straight through the foil, were given 
sudden deflections so their directions on coming out made angles 
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with their directions on entrance. It is concluded that the alpha 
particles shoot through the atoms of the metal foil because these 
atoms are closely packed together; furthermore, that the atoms 
must be of very open structure and the alpha particle very small 
because every alpha particle driven through the metal foil must 
pass through thousands of the metal atoms. It is only very 
occasionally that an alpha particle is deflected in its course by 
some sort of encounter. Rutherford has shown that these re- 
sults can be satisfactorily explained if each atom of the foil is 
assumed to have an extremely small positively charged nucleus 
in which practically its entire mass is concentrated, and also if 
the sudden deflections of the alpha particles on their near ap- 
proach to these atomic nuclei are produced by an electric repul- 
sion which follows the usual law (§ 539) . Another requirement is 
that the alpha particles, too, be extremely small and of not very 
different size from the nuclei of the atoms of the foil, in fact the * 
alpha particle is known to be identical with the nucleus of a 
helium atom (§ 792). 

798. Size of Atomic Nuclei. From these results Rutherford 

actually calculated just how close the centers of the alpha par- 
ticles approach to the centers of the atomic nuclei in passing 
through foils of different metals. He found that for gold foil 
this distance was about 3 X 10“^^ cms. and that it did not vary 
much from this for other metals of very different atomic weight. 
The results seemed to show that the radii of the atomic nuclei 
of different elements do not vary far from 10“^^ cms., those of 
high atomic weight having perhaps two or three times the 
diameter of those of low atomic weight. It has been found in 
different ways that atomic diameters are not far from 10~^ cms. 
(§281). Thus the astonishing result was obtained that the nu- 
cleus of an atom was about r o&m diameter of the atom, 

also that into this minute nucleus is packed all of the positive 
electricity and all of the mass of the atom except for that small 
part due to the electrons arranged outside the nucleus. 

799. Size of the Electron. Electrons also are found to be 
extremely small compared with the size of the atom because they 
also can be shot through thin foils and through thousands of 
molecules of a gas without suffering encounters. Beta particles 
emitted from radioactive substances are identical with electrons. 
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The great distances through which alpha particles emitted from a radio- 
active substance will travel through gases at the atmospheric pressure 
without appreciable deflection shows that these particles must shoot straight 
through the molecules of the gas. Figure 462 shows the paths of such 
particles. For straight paths of these lengths, taking account of the diameter 
of the gas molecules, calculation shows that the alpha particles must pass 
through several hmidred thousand molecules before their motion is arrested. 
Occasionally a sharp deflection is produced by some sort of impact, but such 
deflections are so rare compared with the number of molecules traversed 
that the masses of the alpha particles and those of the gas molecules must 
be concentrated in centers of extremely small size compared with the sizes 
of the atoms or molecules. Except for these small centers the molecules 
must be of very open structure. Since the alpha particle, now known to be 
the nucleus of a helium atom, has over 7000 times the mass of an electron, 
impacts with electrons would have little effect on its motion through the 
gas, and many electrons are dislodged from the gas molecules along the path 
of the alpha particle as negative ions (§ 768) without deflecting the alpha 
particle. But photographs of the paths of beta particles (which are the 
same as electrons) show that, although often deflected because of their 
small mass, probably due to the repulsions of other electrons in the molecules 
through which they pass, these beta particles may shoot through thousands 
of atoms and molecules without producing a single ion, or, in other words, 
without dislodging a single electron from a molecule or atom.. Therefore 
these beta particles, or electrons, are also very small compared with the size 
of atoms and molecules. 

800. Atomic Numbers. Another important result was ob- 
tained from the experiments on the scattering of alpha particles 
shot through metal foils. It was not only possible to calculate 
the approximate size of the atomic nuclei of the foil metal but 
to determine the amount of positive charge which they must 
carry. It was found that the number of elementary positive 
units of charge carried on each nucleus, the elementary posi- 
tive charge being equal but opposite to that carried by the elec- 
tron, was roughly one-half the atomic weight of the elements. This 
result is largely responsible for the suggestion in the year 1913 
that when the elements are arranged in a series in the order of 
their increasing atomic weights beginning with 1 for hydrogen 
and running up to 92 for uranium, the number corresponding 
to each element in this series is exactly equal to the number of ele- 
mentary positive charges on its atomic nucleus. The numbers 
assigned to the elements in such a series roughly correspond to 
one-half the atomic weights of the elements. For neutral atoms, 
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the number of electrons out of which the outside structure of each 
atom is built must also be equal to the number in this series 
corresponding to each atom because in a neutral atom the num~ 
ber of electrons and the number of elementary positive charges 
are equal. The number of an element in this series is called its 
atomic number. The probable truth of this idea was brought out 
by the remarkable results of Moseley’s work on characteristic 
X-rays. When the anode in an X-ray tube, against which 
the cathode rays or electrons are driven by the applied voltage, 
is made of different metals it is found that the resulting X-rays 
emitted from each metal have certain special wave lengths which 
are called characteristic wave lengths. Moseley found that the 
frequency of vibration of the characteristic X-rays of any element is 
proportional to the square of its atomic number. 

The atomic number of an element is even more fundamental 
than its atomic weight, because this number is exactly equal to 
the number of positive charges on the nucleus, and it is this 
positive charge which determines the number and the arrange- 
ment of the outside electrons which determine largely its physical 
and chemical properties. 

801. Bohr Theory of Arrangement of Electrons Around 
Atomic INfuclei. Various theories of the probable arrangement 
and the motions of the electrons about the positively charged 
atomic nuclei have been proposed both by physicists and chem- 
ists. A very remarkable theory is one proposed by the Danish 
physicist, Bohr, by which the electrons revolve about the central 
nucleus in certain particular orbits which may be approximately 
circular or elliptical in form. The hydrogen atom has 1 electron 
revolving about its nucleus, the helium atom 2, the lithium 
atom 3, etc., up to uranium, which has 92 electrons revolving 
about its nucleus. In each case the number of electrons cor- 
responds to the number of positive charges on the nucleus or 
to the atomic number. Each electron may revolve in any one 
of a certain particular set of orbits. The speed of revolution of 
an electron in each orbit is determined by the centripetal force 
exerted on the electron by the nucleus. For inner orbits near 
the nucleus where the attraction is strong the speed of revolu- 
tion of the electrons must be very great. This theory was built 
up in an attempt to account for the lines in the spectrum of 
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luminous gases (§936). It is a development from Planck's 
quantum theory (§ 484). 

According to Bohr’s theory* these radiations result when the electrons 
Jail Jr 0771 an outer to an inner orbit. In a very hot luminous gas, for instance, 
the agitation of the molecules and electrons results in electrons continually 
being knocked from inner to outer orbits, but the electrons soon drop back 
to their inner orbits giving out again in the form, of radiation the energy 
received by them. The highest frequency possible in a given atom is that 
resulting from electrons falling from a point outside of the atom to the 
very innermost orbit. Only the most powerful X-rays and high velocity 
cathode rays can knock out the electrons from the innermost orbits of the 
heavier atoms, which must take place before this high frequency radiation 
can occur. Much lower frequencies in the visible light region may result 
due to the dropping back of the outermost or valence electrons into their 
orbits again as in the case of recombinations of the electrons with positive 
ions after ionization such as may take place in a Geissler tube. Each re- 
volving electron has a certain amount of kinetic energy due to its velocity 
of motion in its orbit around the atomic nucleus. It also has a certain 
amount of potential energy due to its distance from the attracting nucleus. 
The sum of the kinetic and potential energies of an electron is a constant 
for a given orbit. In fact, the most fundamental method of designating an 
electron orbit is by the constant amount of energy an electron has in that 
orbit. The larger the orbit the greater is the electron energy associated with 
it. Since each separate orbit in which an electron may revolve corresponds 
to a certain amount of energy, these orbits may be represented by a series 
of separate horizontal lines of heights above a zero line proportional to the 
orbit energies. These heights are known as e7iergy levels, and form a charac- 
teristic series for each atom. The lower levels correspond to inner orbits 
and the higher levels correspond to outer orbits, and a still higher series of 
levels corresponds to orbits which displaced electrons may occupy tempo- 
rarily before dropping back into permanent orbits again. It is a remarkable 
fact that there is a close correspondence between energy level series and the 
spectrum line series (§§ 936-937) for various atoms. The explanation of 
spectral series in terms of energy levels of electron orbits is one of the 
great contributions of the Bohr theory. 

802. Bohr Theory and the Quantum Theory. According 
to the quantum theory (§ 484), radiation energy is given out 
in separate minute units called quanta. Bohr assumes that 
when an electron drops from an outer to an inner orbit, or 
from a higher to a lower energy level, just one quantum of 
energy is given out whose magnitude is exactly measured by 
the decrease in the energy of the electron due to this drop. This 
means that the larger the energy drop of the electron the larger 
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the energy of the quantum which must be radiated. The quan- 
tum theory takes care of this because it supposes that the quanta 
may be radiated in different magnitudes which are proportional 
to the radiation frequency, the large quanta corresponding to 
the high frequency waves of short wave length, and the small 
quanta corresponding to the lower frequency waves of longer 
wave length. For instance, it was mentioned in the previous 
paragraph that X-rays, which are very high frequency radia- 
tions, are produced when electrons displaced from inner orbits 
drop back again and lower frequency radiations of visible light 
are produced when electrons displaced from outside orbits drop 
back again to those orbits. Each displaced electron gives out 
one quantum during its drop, but the large energy drop of the elec- 
tron associated with X-ray emission produces a quantum which 
may contain thousands of times as much energy as the small 
quantum radiated when an electron makes a small energy drop. 

803. The Lewis-Langmuir Theory of Arrangement of Elec- 
trons Ajround Atomic Nuclei. Another theory of atomic struc- 
ture which has attracted wide attention is the Lewis-Langmuir 
theory first proposed by G. N. Lewis and developed by I. Lang- 
muir. This theory also is built up on the fundamental idea of 
a positive nucleus, the number of positive electric units on the 
nucleus and the number of electrons in the outside structure 
being each equal to the atomic number of the element. It differs 
from that of Eohr in that it is intended primarily to account for 
chemical and physical properties of substances, and makes no 
attempt to account for atomic radiation phenomena. The elec- 
trons are considered to be arranged around the nucleus in con- 
centric spherical shells. The innermost shell can have no more 
than 2 electrons in it, the second can have no more than 8. 
Hydrogen has only 1 electron in the inner shell; helium has 2 
in the inner shell, one on each side of the positive nucleus, lithium 
has 2 in the inner shell, but its third electron must be in the 
second shell because the first shell can contain no more than 2; 
the gas neon of atomic number 10 has 10 electrons, 2 in the 
inner shell and 8 in the second shell. For elements of higher 
atomic number than 10 the electrons occupy more than 2 shells; 
in fact, elements of high atomic number are believed to have 
their electrons arranged about their nuclei in several shells. 
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The interest of this theory lies in the fact that by taking ac- 
count of the various degrees of stability for the electron arrange- 
ment supposed for each atom, various chemical and physical 
properties of the elements can be accounted for and even pre- 
dicted. Furthermore, this theory gives the best explanation of 
chemical valence thus far obtained, and gives a new meaning to 
the periodic table arrangement of elements. 

Let us consider a few simple cases. Take neon first, of atomic number 10. 
Its nucleus has 10 positive charges on it, so that the first 2 shells are just 
filled, there being 2 electrons in the inner shell, 1 on each side of the nucleus, 
and 8 in the second shell, which may be assumed to be equally spaced from 
each other as though on the 8 corners of a cube. According to the Lewis- 
Langmuir theory, this is an arrangement of great stability, an electron being 
removed only with the greatest difficulty. A general law of this theory is 
that electrons have a strong tendency to arrange themselves in complete shells. 
Thus, for an atom like that of neon which has 2 complete shells, the elec- 
trons are held with great stability. When the electrons are held very power- 
fully practically no field of force is left outside of the atom. These atoms 
cannot then become attached to other atoms, resulting in the formation of 
chemical compounds. We should therefore expect neon to be a chemically 
inerji gas and a monatomic gas because the atoms will not even cling together 
in pairs. This is what is actually true of neon. 

We will next take sodium of atomic number 11. This is just 1 greater 
than that of neon so the neutral sodium atom has the first 2 shells full of 
electrons like neon but has 1 extra electron outside in the third shell. We 
should expect that this outside electron could be easily detached because 
this leaves the remaining 10 electrons arranged in 2 complete shells like 
those of the very stable neon atom. This is what actually happens in the 
case of sodium vapor. It is easily ionized, or its atom easily loses its extra 
electron, leaving it as an ion with 1 extra positive charge equal but opposite 
to that of an electron. We have also accounted for the fact that sodium 
is strongly electropositive, tending to form positive rather than negative 
ions. 

Now let us consider fluorine of atomic number 9. This is just 1 less than 
that of neon so the neutral fluorine atom has to have 1 more electron in order 
to fill the first 2 shells giving the stable neon arrangement of 10 electrons. 
We should thus expect fluorine to have a strong tendency to pick up an 
extra electron to complete its second shell. But this would give an extra 
negative charge to the fluorine atom making it a negative ion. This is 
according to the facts, as it is well known that fluorine is strongly electro- 
negative. 

Fluorine is known to form molecules of considerable stability and there- 
fore exists at ordinary temperatures as a gas, that is, its molecules do not 
tend to cling together to form a solid. This illustrates another important 
law of the Lewis-Langmuir theory. According to this law pairs of electrons 
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may he held in common by 2 atofns when such a combination completes the 
outside shells of the 2 atoms. Thus the neutral fluorine atom whose outside 
shell lacks 1 electron, tends to form neutral molecules of 2 atoms each in 
which the 2 separate atoms are held together because 2 of the electrons are 
held hy both atoms at the same time. This gives an outside shell of 8 electrons 
for each atom, corresponding to the S corners of a cube but 2 electrons are 
held by both atoms at the same time corresponding to 2 cubes clinging 
together along 1 edge bringing 2 comers of each into coincidence. When 
2 atoms are held together in this way by 2 electrons held in common we 
have an illustration of a che7nical mlence bond. Since the fluorine molecule 
is neutral and the electron arrangements are stable because the outside 
shell for each atom is complete there is only a small outside field of force 
left so the molecules remain separate from each other and the fluorine 
remains in gaseous form. 

804. Limitations of the Theories. That neither of these 
theories is complete in itself is recognized by both physicists and 
chemists, but that each contains some truth can hardly be 
doubted. It can be said that the theories are not antagonistic or 
incompatible with each other as was at first thought before Bohr’s 
theory reached its present state of development. The formation 
of chemical compounds in the case of the Bohr theory is con- 
ceivable even though the electron orbits of the different atoms 
have to intersect when the atoms combine with each other, to 
form molecules. It must be recalled here that the electrons are 
probably not more than loo^ooo the diameter of the atom. If the 
atom were 100 yards in diameter, its nucleus and also the electrons 
arranged about it would be about the size of pin heads, so elec- 
trons are not likely to interfere with each other when their orbits 
intersect. 

805. Only Outermost Electrons of the Atom Take Part in Physical and 
Chemical Phenomena. According to these ideas of atomic structure, it is 
only the very outside electrons or valence electrons of the atom which take 
part in ordinary physical and chemical phenomena because these are the 
electrons most easily detached. In the case of metals of high electrical 
conductivity, certain of the outside electrons (called free electrons) are so 
loosely held to the atoms that they are passed on from one atom to the next 
by the very slightest potential difference, the resulting electric current con- 
sisting simply of a stream of electrons passing from atom to atom. It is an 
interesting and significant fact that electrical conductivity and heat con- 
ductivity closely correspond. Silver is the best conductor known for either 
electricity or heat. Heat conductivity is therefore believed to be a phenome- 
non primarily due to the free electrons passing on their heat vibrations from 
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one to another by their impacts. Electrons emitted from hot bodies (§ 770), 
those emitted from substances acted upon by ultraviolet light or those 
emitted in the form of cathode rays are all loosely held electrons. 

Electrical insulators, which are also poor conductors of heat, have the 
outside electrons held firmly so they are not easily passed from atom to 
atom, but will merely spring forward slightly with an applied difference of 
potential and spring back again upon its removal without leaving the atoms 
(§ 575). 

Atoms whose outside electrons are very stable and strongly held to the 
nucleus like those of the gases helium, neon and argon have practically no 
outside field of force left so they exist as separate atoms, only assuming a 
liquid and solid form at the lowest temperatures, in which condition their 
heat vibrations which tend to hold them apart are very slight. In the case 
of the metals which melt only at high temperatures, the atoms, although 
electrically neutral, have a structure such that the outer electrons are loosely 
held and a considerable outside field of force is left so that the atoms attract 
each other strongly and tend to build up solid crystalline forms at ordinary 
temperatures. When the atomic vibrations due to high temperature are 
violent enough, however, even these strong attractions are overcome, and 
the metal can exist only as a vapor or gas. 

The formation of chemical compounds, some very stable and others 
much less so, and even surface tension phenomena (§ 265) and cohesion and 
adhesion (§ 236) are also believed to result from the same sort of electrical 
attractions between the atoms and molecules which depend upon their out- 
side electron arrangements. 

All of these phenomena whether chemical or physical are simply different 
manifestations of electrical attractions between atoms and molecules, the 
attractions being governed by laws determined by the external structures 
of the atoms and molecules. These phenomena are therefore all fundamen- 
tally electrical in nature. 

The Nucleus oe the Atom 

806. Isotopes. Positive rays or canal rays (§ 785) result from the 
ionization of atoms or molecules (§ 768) by which one or several of the outer 
loosely held electrons are knocked off, leaving the rest of the atom or mole- 
cule with one or several unneutralized elementary positive charges. These 
positive rays thus contain the nucleus and most of the electrons of an ionized 
atom, and therefore practically its entire mass, as it will be recalled that 
the mass of an electron is only about xArr of fl^^t of the hydrogen atom. 

In studies of the deflections of these positive rays produced by projecting 
them through magnetic fields (§ 776), Sir J. J. Thomson at the Cavendish 
Laboratory in Cambridge, England, made the notable discovery that the 
gas neon may exist in two forms with identical chemical properties but with 
two atomic weights of exactly 20 and 22 as near as could be determined, 
the lighter ions being deflected just a little more than the heavier ones in 
passing through the magnetic fidd. 
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Since this discovery the same thing has been found to be true of many 
other elements chiefly as the result of the work of F. W. Aston, also at the 
Cavendish Laboratory, who used an ingenious modification of J. J. Thom- 
son’s method, this new method making possible much more accurate analy- 
ses. Lithium is a mixture of two types of atoms of atomic weights of exactly 
7 and 6. Magnesium is a mixture of atoms of atomic weights 24, 25 and 26, 
the gas argon is a mixture of atoms of atomic weights of exactly 40 and 36, 
and many other similar cases have been discovered. Such different forms 
of the atoms of a single element which can only be distinguished from each 
other by their difference in atomic weights are called isotopes. Since the 
physical and chemical properties of the isotopes of a given element are 
identical except for their differences in atomic weights they had never pre- 
viously been separated by ordinary methods of analysis. 

But the most remarkable fact of aU which has appeared is that, except 
for hydrogen, no isotopes have ever been found whose atomic weights are 
not almost exactly whole numbers. It is believed that the reason the 
atomic weights of the elements as found by older methods do not come out 
as whole numbers in many cases is that each atomic weight represents an 
average for two or more isotopes of the element mixed in different propor- 
tions. The separate isotopes, however, all have atomic weights which are 
whole numbers. 

807. Atomic Nuclei. That the number of elementary positive charges 
on the nucleus of the atom is probably more fundamental than the atomic 
weight in determining its properties has already been mentioned (§ 800). 
The discovery of isotopes lends interesting support to this view. For in- 
stance, the atomic nucleus of the gas neon has 10 elementary positive charges 
on it. This means that the neutral atom must have 10 electrons arranged 
in the outside structure around the nucleus. It is these 10 electrons held 
by 10 positive charges on the atomic nucleus which determine practically 
all the physical and chemical properties of neon, and the mere fact that the 
atomic weight may be 20 or 22 as in the case of two isotopes of neon is a 
subordinate matter. The nucleus of the atom, it will be recalled, although 
so minute, contains practically its entire mass, and therefore isotopes 
probably represent differences in structure of the atomic nuclei, which have 
no effect on the physical and chemical properties of the atom so long as the 
number of elementary positive charges on the nucleus which determine the 
atomic number remains the same. 

Since isotopes have atomic weights which are all whole numbers (except 
hydrogen which is 1.008) the possibility of the atomic nucleus itself being 
built up of separate units at once appeared. In confirmation of this idea, 
Rutherford has found that when swift alpha particles from a radioactive 
substance are projected through air or nitrogen, particles appear having the 
atomic weight and the single positive charge of the hydrogen atomic nu- 
cleus, which travel such distances through the gas that it is impossible to 
believe that their motion is not due to something more than a collision with 
an alpha particle. It is believed that these hydrogen nuclei are actually 
expelled with great violence from the nucleus of the nitrogen atom whose 
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structure is broken down by a blow from an alpha particle, which may be 
traveling with a velocity of over 20,000 miles a second (§ 787). Boron, 
fluorine, sodium and several other elements are also found to eject h3rdrogen 
nuclei from their atomic nuclei when bombarded by alpha particles. 

Radioactivity also furnishes evidence as to the probable complexity of 
the atomic nucleus. The alpha particles and beta particles which are nuclei 
of helium atoms and electrons (§ 792) are believed to come from the nucleus 
of the atom of the radioactive element, because the helium atomic nuclei 
and electrons are emitted in exactly the same way, no matter what be the 
temperature of the radioactive substance or how it is chemically combined. 
Radioactive changes are probably the gradual breaking down of atomic 
nuclei from complex to simpler forms (§ 793). 

808. Protons. These discoveries taken in connection with radioactive 
phenomena suggest that perhaps the nucleus of the hydrogen atom may be 
taken as the ultimate positive unit of electricity. It carries a positive charge 
which has never been separated from it which is exactly equal but opposite 
to that carried by the electron. 

The name proton has been suggested for this ultimate positive unit of 
electricity, identical with the hydrogen nucleus and therefore with a mass 
over 1800 times that of the electron. Practically all of the mass of the atom 
as well as all of its positive charge is packed into its nucleus. Take the case 
of neon, for instance, of atomic number 10 and isotopes of atomic weight 
20 and 22. The first isotope has 20 protons packed into its nucleus to ac- 
count for its mass and it also has 10 electrons packed in which neutralize 
the charges of 10 of the 20 protons, leaving the nucleus with a charge of 10 
positive units corresponding to the atomic number. The second isotope 
contains 22 protons and 12 electrons packed into its nucleus to account for 
its mass and nuclear charge. 

It is believed that the atomic weight of every isotope is exactly equal to the 
total number of protons in its nucleus, and the atomic number is the number 
of positive units of electricity remaining on the nucleus after the charges of 
about half the total number of protons have been neutralized by electrons. 

These electrons which are packed into the nucleus with the protons have 
nothing to do with those electrons which go to make up the structure outside 
of the nucleus. The external electrons are arranged far outside of the nu- 
cleus with wide spaces between them. It is with the arrangements of these 
external electrons only that the Bohr theory and the Lewis-Langmuir 
theories are concerned. The study of the structure of atomic nuclei covers 
quite a different held. 

809. Loss of an Electron from Atomic Nucleus Raises the Atomic 
Number One, Loss of a Proton Lowers It One. The atomic number or 
the number of positive charges on the nucleus of the atom of an element, 
it will be recalled, is what determines all the physical and chemical prop- 
erties by which it is identified. Therefore, the loss of an electron or of a 
proton from the nucleus should transform the element to one of next higher 
atomic number or to one of next lower atomic number, because the loss of 
a nuclear electron leaves one more positive charge on the nucleus, and the 
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loss of a proton leaves one fewer positive charge on the nucleus. This is 
just what is found to happen in radioactive changes, which are known to 
be the result of the breaking down of atomic nuclei and have nothing to do 
with the external electron structure. WTien a beta particle or an electron 
is ejected, the atomic number of the atom whose nucleus gives it out goes 
up 1, and the atomic weight remains practically the same because the mass 
of the electron is so small. When an alpha particle is ejected, however, 
the atomic number goes down 2 because the alpha particle is the nucleus 
of the helium atom of nuclear charge 2. The mass of the helium atom is 
4, however, so the atomic weight at the same time decreases by 4. If an 
alpha and a beta particle are given out from an atomic nucleus at the same 
time, the atomic number decreases by only 1, but the atomic weight by 4 
as in the previous case. The final product of the breaking down of radium 
(§ 793) is an isotope of lead, as it has exactly the same nuclear charge 
as the lead atom has, though a somewhat different atomic weight. The 
helium atom is considered to have four protons and two electrons packed 
into its nucleus to account for its mass and nuclear charge. It should be 
noted that in all known radioactive changes, the protons are not given off 
as individuals, but in pairs in the form of alpha particles. 

810. Stability of Atomic Nuclei. The only way the structure of the 
nucleus of the atom has ever been known to be broken down by an external 
agency is by Rutherford’s method of alpha particle bombardment. Radio- 
activity represents a breaking down of atomic nuclei, but this is an auto- 
matic process which it has never been possible to control. 

Electric Oscillations and Waves 

811. Oscillatory Discharge of a Leyden Jar. It has been 
already stated (§ 598) that when the resistance of the discharge 
circuit is sufficiently small the discharge of a Leyden jar is 
oscillatory. This was discovered by the American physicist, 
Joseph Henry, who, as early as 1842, found that when a Leyden 
jar was discharged through a wire wound around a needle the 
latter was magnetized, but sometimes one end was made the 
north pole and sometimes the other, although the jar was always 
charged the same way. He believed that this was caused by the 
oscillation of the discharge current which kept reversing the 
magnetism of the needle back and forth until the current became 
too small to have a further effect. 

Lord Kelvin, in 1855, quite unaware of Henryks discovery, 
showed by the principle of energy that the discharge must 
oscillate back and forth until all the original energy of charge is 
expended in sound, heat, light, and radiation, and that when the 
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resistance of the circuit is very small the period of oscillation is 
given by the formula 

T = 2x VlC * 

where L is the inductance of the circuit and C is the capacity of 
the jar (compare with vibration formulas of §§ 135 and 149). In 
case of an ordinary gallon jar discharged by a short discharging 
rod, the period of oscillation may be as small as two ten-millionths 
of a second, while Lodge, by using a battery of large capacity and 
discharging it through a very long circuit having large self-induc- 
tion, was able to make the alternations so slow as to give out a 
distinct musical note. Feddersen, in 1859, first analyzed the 
spark by a rotating mirror, as already related (§ 598). . 

812. Electric Resonance. When a Leyden jar is discharged 
not only may there be oscillations in the discharge circuit itself, 
but in consequence of induction there are set up electric oscilla- 

• tions or surgings in neighboring conductors. In general these are 
but feeble, but if the free period of the surging happens to be the 
same as that of the oscillations in the discharge, circuit, quite 
energetic surgings may result, just as a tuning-fork will excite 
strong vibrations in a resonator which is in tune with it. The 
circuits are then said to be in resonance (§ 134). 

813. A Case of Electrical Resonance. The influence of elec- 
trical resonance is well shown in the following experiment due 
to Lodge. Two Leyden jars of nearly equal capacities are chosen. 
One which can be charged by an electrical machine or induc- 
tion coil is provided with a short circuit of thick wire which is 
attached to the outer coating and terminates in a knob separated 
by a short spark gap from the knob of the jar. The second jar 
has a strip of tinfoil reaching from the inner coating over the 
edge and terminating in a point at e near the upper edge of the 
outer coating; its inner and outer coatings are connected by a 

* This fonnula is exactly analogous to those for mechanical oscillations (§§ 135 
and 149) where the inductance L corresponds to mass and the elastance ^ cor- 
responds to the restoring force per unit displacement. The inductance may be 
looked upon as electrical inertia which carries the current along during the oscilla- 
tion, and the elastance as an elastic restoring force acting upon the charge of 
electricity causing it to recoil. 
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wire circuit, part of which, marked AB in the figure, can be 
slid along changing the length of the path. When the two jars 
are placed, say, a foot apart with the two circuits parallel, a 
position for the slider AB may be 
found by trial, such that whenever 
the first jar discharges across be- 
tween the knobs, a spark leaps the 
gap between the tinfoil strip and 
the outer coating of the second jar. 

If the slider is moved a short dis- 
tance away from this position in 
either direction, the sparks at e 
cease. Lodge calls the sparks at 
e the slopping over ’’ of the power- 
ful surgings due to the two circuits 
being in resonance. 

814. Electric Waves in Wires. When one end of a long 
straight wire is given a charge or touched to a battery pole, a 
wave of electric pressure or potential runs along the wire with a 
velocity which depends on the insulating medium immediately 
surrounding the wire. In case of a straight hare wire in air the 
wave has the velocity of light; but when the wire is coiled, forming a 
closely wound helix, the wave travels much slower on account of 
the greater inductance of the coil. 

On reaching the end of the wire the wave is reflected back, just 
as a sound wave is reflected at the end of a stopped organ pipe. 
If, instead of a single impulse, a series of alternate positive and 
negative charges are given to the end of the wire in exactly the 
right frequency, it may be set in strong electrical resonance 
just as a stopped pipe vibrates powerfully when a tuning-fork of 
the proper frequency is sounded at its mouth. Resonance will 
occur when the period of the electrical impulses is four times 
as long as it takes a wave to rim the length of the wire, exactly 
as in case of a stopped organ pipe. 

The resonance of waves in wires may be beautifully shown by 
the following experiment due to the German electrician, Seibt: 

A large Leyden jar has its coatings connected by a circuit 
having a spark gap at S with zinc knobs. By moving the slider 
L nearer to the jar or farther away, the length and self-induction 



Fig. 465. Sir Oliver Lodge’s 
resonance experiment 
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of the discharge circuit may be varied and consequently the 
period of the oscillatory discharge can be adjusted. 

Two long helical coils of wire A and B are mounted on in- 
sulating stands. They are both connected at the bottom to 
one of the coatings of the Leyden jar while each terminates 
above in a point. One helix is wound with a much greater length 
of wire than the other. 

If by means of a powerful induction coil the Leyden jar is 
caused to discharge across the gap S, each discharge will be 
oscillatory and consequently a series of impulses is communi- 
cated to the lower ends of the helices A and B, and when the 
slider is in such a position that the period of oscillation of the 



Fig. 466. Resonance experiment 


discharge is the same as the period of oscillation in the wire on 
A, a strong brush discharge will be observed from the upper 
point of that helix; while by moving the slider until the jar 
circuit is in resonance with Bj the discharge will take place 
from the top of B instead of from A, 

815. Electromagnetic Waves in Air. As early as 1862 Clerk 
Maxwell, who followed Faraday in recognizing the important 
function of the dielectric in all electric phenomena, showed that 
it was probable that when a current is stopped or started in a 
conductor, tke inductive action on other conductors is not commu- 
nicated instantly j hut is propagated through the intervening dielectric 
with a velocity equal to 

c 
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where ^6 is the magnetic permeability of the medium, K is its 
specific inductive capacity and c is the ratio of the C. G. S. 
electromagnetic to t he C . G. S. electrostatic units of quantity. 

The quantity c/ ^ Kix can be determined by electrical experi- 
ments in a variety of ways and is found to have a value in air of 
very nearly 300,000,000 meters per second, which agrees with the 
velocity of light. 

Of course, if induction is propagated with a definite velocity, 
an alternating current sending out first one kind of inductive 
disturbance and then the reverse must produce a series of 
electrical waves, just as a tuning-fork giving a series of impulses 
which travel successively forward through the air produces a 
train of sound waves. 

816. Hertz’ Experiments. Maxwell’s conclusions as to elec- 
tric waves were not directly demonstrated until 1884, when the 



Fig. 467. Hertz oscillator 



Fig. 468. Hertz resonator 


German physicist, Hertz, obtained such waves and measured 
their velocity. 

The difficulty was twofold: to set up waves short enough 
to be studied — for if their velocity was 186,000 miles per second 
an alternating current with a frequency of even ISGfOOO per 
second would produce waves a mile long — and, second ^ to devise 
some method of detecting and measuring them. 

Hertz succeeded in obtaining waves sufficiently short to 
measure by using those sent out in the oscillatory discharge of 
the apparatus shown in figure 467. 

Two rectangular metal plates were mounted as shown, with 
polished knobs close together. The plates were connected to the 
secondary of a powerful induction coil so that when charged by 
the coil they discharged with oscillations across the spark gap 
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between the knobs. Thus a group of short waves was sent out 
by the oscillatory discharge every time the induction coil acted, 
and this may have been 200 times a second, but each group died 
out absolutely before the next was formed. 

To detect the waves. Hertz used an electrical resonator, a hoop 
of metal having at one point a minute spark gap between two 
knobs. The resonator was adjusted to be in resonance with the 
vibrator so that in a darkened room a small spark could be 
seen at the spark gap of the resonator at every discharge of the 
vibrator, even when it was 10 or 12 meters distant. 

In order to test whether the disturbance was propagated as 
a wave motion, Hertz set up the vibrator in front of a great 



Fig. 469. Hertz nodes and loops 


reflector of sheet metal, as shown 
in figure 469, so that the reflected 
waves meeting the advancing 
ones might cause nodes and loops 
just as in any other case of wave 
motion. He then found by means 
of the resonator that there actually 
were points of maximum disturb- 
ance and points half-way between 
them where the effect was a mini- 


mum. In this way the existence of electrical waves was proved 
and the wave length measured. 


From the wave length and period of oscillation the velocity 
of the waves was calculated and found to be, as nearly as could be 
determined, the same as the velocity of light, thus confirming the 
anticipations of Maxwell. 


817. Other Experiments. Later experimenters have devised 


oscillators of other forms more suitable for obtaining short 


waves. One of the best arrange- 
ments is that of Righi shown in 
figure 470. Two brass balls are 
mounted near each other, the 
space between being filled with 
oil contained in a surrounding 
glass cylinder. Just outside of 



Fig. 470. Righi oscillator 


these are other balls connected with the poles of the induction 
coil. A large difference of potential between the two inner balls 
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is required before a spark can burst through the oil, and con- 
sequently the vibrations are so much the more energetic. 

Using oscillators of this form electric waves only a few milli- 
meters long have been obtained and measured, and have been 
reflected, refracted, and polarized, like waves of hght. 

Recently, by the use of a modification of the Righi method 

Octaves Length (cm) Measured 



Fig. 471. Electromagnetic spectrum 

in which tiny cylinders of tungsten wire were used, Nichols 
and Tear succeeded in measuring the wave length of electric 
waves less than three mm. long, the shortest wave length ob- 
tained by Righi being about ten mm. 

This work is important because it bridged the only remaining 
gap between electric wave and heat wave spectra. The range 
of wave lengths covered by this work is shown in figure 471. 
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818 . Radiotelegraphy. The application of electromagnetic 
waves to wireless or radiotelegraphy was first made by Marconi 
in about 1896. Figure 472 shows an old form of transmitting 
circuit. The waves are sent out from an antenna or aerial A 
which may consist of a pair of copper wires stretched at a height 
of from 50 to 100 ft. above the ground. The aerial is directly 
connected to the ground E through a coil of perhaps a dozen 
turns of heavy copper wire. The condenser C has its coatings 
connected by a circuit which takes a few turns close around the 
coil B in the antenna circuit, and includes a spark gap S, When 
the condenser is charged by an induction coil or high tension 
transformer, discharges take place across the spark gap, accom- 
panied by oscillations or surgings in the condenser circuit, and 
these, by induction between the coils of wire in B and D, set 
up corresponding oscillations in the antenna circuit, and if one 
circuit is in resonance with the other the oscillations will be 
strong. 

819 . Production of Sustained or Undamped Waves. In all 
devices which employ spark discharges for the production of 
electric waves such as that just described and also in the oscillator 

of Hertz (§816) each spark dis- 
charge produces a train of electrical 
oscillations which rapidly die out 
(see Fig. 472) due to energy being 
expended in light, heat, etc. Oscil- 
lations which die out in this way 
are said to be damped. The great 
advances in radio telegraphy and 
the development of radiotelephony 
in recent years are largely due to 
the ease with which continuous 
trains of sustained or undamped 

Fig. 472. Wireless sending circuit electric waves can be produced by 

the three electrode vacuum tube. 
A simple oscillating vacuum tube circuit with an aerial is shown 
in figure 473. 

The aerial and the coil L make up the circuit of oscillation, the 
electricity surging alternately up into the aerial and down into 
the earth, the aerial and the earth acting as the two coatings of a 
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condenser separated by a wide air space. This capacity C can be 
calculated approximately and is called the capacity of the aerial. 
It is usually small compared with that of an ordinary Leyden jar. 

The oscillations are built up as follows: suppose an electrical 
disturbance gives the grid a small positive charge as may result 
from simply throwing on the A or the B battery. This produces a 
sudden impulse of current in the plate circuit from the B battery. 
But the plate circuit is so connected that this impulse of current 
has to pass through part of the coil Z, producing a corresponding 
inductive voltage reaction in the coil. Therefore, the potential 
of the grid is disturbed still more because it is connected to 



Fig. 473. Oscillating vacuum tube circuit with aerial 

one end of this coil, and, furthermore, the grid is so connected 
that when the current in the plate circuit begins to rise the po- 
tential of the grid begins to rise at the same time. This tends to 
give even a further impulse to the plate current flowing through 
the coil. In like manner a very small fall of grid potential will 
result in a considerable decrease in or downward impulse to the 
current in the coil. But this is the condition necessary for an 
oscillation. When an upward impulse is given to the current in 
the coil a charge surges up into the aerial. It immediately 
recoils downward again, is given an additional downward im- 
pulse, and recoils upward again, and so on, the upward and 
downward surging building up because of the impulse given to 
each surge until the energy is dissipated as fast by the resistance of 



ELECTRODYNAMICS 


578 

the wire along which it oscillates and by the radiation of electric 
waves from the aerial as the energy is supplied by the B battery. 
The period of the oscillation is calculated just as in the case of 
the discharge of a Leyden jar (§ 811), where L is the inductance 
of the coil up to the contact point where the aerial is connected, 
and C is the capacity between the aerial and the earth. Since 
the period of the oscillation and the velocity of electric waves 
are known, the wave length is easily determined. 

820. Transmission of Electric Waves Through Space. An 
indication of the way electric waves are transmitted from an 
aerial consisting of a vertical wire grounded at one end is shown 
in figure 474. As the aerial is charged first negatively and then 

positively with regard to 
the earth, lines of electric 
force are first established 
in one direction and then 
in the opposite between 
the aerial and the earth, 
a wave of electric force 
being thrown out sideways 
in all directions with each 
electrical oscillation. 
These waves are trans- 
mitted through space with 
the velocity of light. The 
lines of electric force are 
seen to be vertical at the 
earth^s surface. All elec- 
tromagnetic waves consist 
of waves of both electric 
and magnetic force super- 
imposed, the lines of mag- 
netic force always being at 
right angles to the lines of 
electric force. In the figure the magnetic lines of force are 
expanding circles parallel to the earth^s surface shown in the 
horizontal section in the lower part of the figure. An electro- 
magnetic wave is impossible without the electric and magnetic 
lines of force superimposed at right angles. 



to E/ectrfc Field. 

Fig. 474. Electric wave train 
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The formula for the velocity of electric waves (§ 815) 



is exactly analogous to that of § 290 for the velocity of transmission of sound 

In the former, — j the reciprocal of the specific inductive capacity may be 
A. 

thought of as the electrical elasticity of the ether, and jjl, the permeability, 
as its electrical inertia. 

The distribution of electromagnetic waves going out from an 
ordinary horizontal aerial is not so simple as this. Furthermore 
in the so-called Kennelly Heaviside layer a few miles above the 
earth’s surface the presence of free electrons alters the velocity and 
therefore the direction of the waves, so that they are turned down- 
ward by small amounts depending on the wave length. This 
explains, in part, why radio waves of different wave lengths have 
different ranges, and are often more strongly received at greater 
than at small distances. 

821. Receiving Circuits. A simple form of receiving circuit 
used in wireless telegraphy is shown in figure 475. The antenna 
is connected directly to earth through a cylindrical coil known 
as the primary coil. Another coil, the secondary, of smaller 
diameter, is mounted so that it can be slid inside of the primary 
coil or moved away from it when it is desired to weaken the 
inductive action of one coil upon the other. The terminals of 
the secondary coil are Joined to the coatings of a variable con- 
denser of small capacity. 

When electric waves of a certain period fall on the antenna, 
oscillations are set up which will be strongest when the natural 
period of electrical surgings in the antenna and primary' coil are 
the same as the period of the oncoming waves. This adjustment 
may be effected by regulating the number of turns used of the 
primary coil by means of a sliding contact, or by connecting 
additional turns from a so-called "^'loading coil.” The secondary 
also is brought into resonance mth the primary, by the adjust- 
ment of the variable condenser and distance between the two 
coils. Figure 476 shows another receiving circuit which operates 
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Ground 


on the same principle as the former. The detecting system, 
however, is different. 

822. Detectors. There are two different kinds of detectors 
in common use, the crystal detector and the vacuum tube de- 
. . tector, the former being 

^ shown in figure 475 and 
^ the latter in figure 476. 

L „ ^ In both of the circuits 

rimary o showii, the detector sys- 

>0 tern IS connected across 

I Condenser the terminals of the 

Loading Coil ■ IT Variable condenser. The 

'I receiving telephones are 

q; wound with a large num- 

^ ^ ber of turns of very fine 

^ Secondary Coil Tehphgms they may 

Fig. 475 respond to the slightest 

current. 

A detector is necessary in radio re- 
ception because the electrical oscilla- 
tions, which are received, are too rapid c 2 

to affect the telephone diaphragm. (fli n 

The detector permits the current to 
flow more easily in one direction than 
in the opposite direction, or has the :^a 

power to rectify so that as oscillations of 

varying intensity are received, a vary- ry-^c ) ^ 

ing current in one direction passes l^phones 

through the telephone, which rises and 476 

falls as the high frequency oscillations 

increase or decrease in intensity as shown in the two lower curves 
of figure 477. 


The action of the three electrode vacuum tube as a detector is as follows: 
The incoming oscillations produce oscillations of charge on the grid which 
rise and fall with an increase or decrease in intensity of the incoming oscil- 
lations. But the grid action is such that the positive half of the correspond- 
ing plate current oscillations is greater than the negative as shown in figure 
477 so that on the average a positive plate current -flows which rises and 
falls with the rise and fall of the intensity of the high frequency oscillations. 
These current fluctuations are greatly amplified in energy compared with 
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those obtained by a crystal detector because relatively large fluctuations of 
energy from the B battery are produced by the slightest variations of grid 
potential. This fluctuating plate current is superimposed upon the steady 




I fl/VlAw 


/|/|/1/VW> ll/VVv 

Incoming Oscillations 

- il/\AAyv - . 

Actual Plate Current 



Average Plate Current Showing Pulses 
Fig. 477. Current curves in detection 


current from the B battery as shown in the two lower curves of the figure. 
The steady current does not disturb the response of the telephone diaphragm 
to the fluctuating current produced by the fluctuating intensity of the 
incoming oscillations. 

823. Amplification. The three electrode vacuum tube may 
also be used as an amplifier. If the grid is so connected that its 
potential is made to rise and fall due to electrical oscillations, even 
though the oscillations be very minute, comparatively strong 
pulsations of current from the battery B may result. The incom- 
ing wave energy, though only sufficient to cause a small pulsation 
of charge on the grid, acts as a trigger on the battery B, and 
may release large pulsations of energy from it sufficient to produce 
sound in the telephones which are connected in this circuit. 
With most radio sets the radio frequency oscillations are amplified 
before detection is accomplished as well as the sound frequency or 
audio frequency after detection. In amplifying the radio fre- 
quency, tubes are often used with a fourth electrode iii the form 
of an extra wire grid between the plate and control grid, which is 
kept at a constant potential. This acts as a screen to reduce the 
disturbing action of the small electrical capacity between the 
plate and the control grid. 

824. Radiotelephony. Radiotelephony requires a continuous 
train of waves, and it is the comparative ease with which a train 
of undamped waves can be produced by the three electrode tube, 
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which has given such an impetus to wireless telephony. By the 
use of a suitable transmitter these oscillations may be made 
to fluctuate in intensity according to the voice fluctuations just 
like the current in an ordinary telephone, and it is these fluctua- 
tions in intensity which act upon the receiving telephone and 
reproduce the sounds of the voice. In figure 473, T shows a 
transmitter which consists of an ordinary telephone transmitter 



Undamped High Frequency Oscillations 



Oscillations Modulated According to the Vibrations of the 
Diaphragm of the Telephone Transmitter 



Average Current Fluctuations in Telephones of Receiver 
Showing the Correspondence with the Modulations 
of the Incoming Wave Train 


Fig. 478. Current curves in wireless telephony 

whose fluctuating current, flowing through the primary coil of a 
small transformer, produces corresponding fluctuations in the 
potential of the plate due to the action of the transformer sec- 
ondary coil, to one end of which the plate is connected. In the 
vacuum tube variations in the plate voltage produce propor- 
tional variations in the intensity of the oscillations in the aerial. 
The intensity of the high frequency wave train sent out from 
the aerial then fluctuates in close correspondence to the sound 
frequency fluctuations of the voice received in the telephone 
transmitter. 
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For instance, suppose the transmitting station sends out a 
continuous series of undamped waves 1000 meters long. These 
will come along at the rate of 300,000 to the second, and if the 
receiving station is in resonance with these waves, a strong elec- 
trical oscillation is set up, represented by the upper curve of 
figure 478, but these oscillations are far too rapid to set up 
vibrations in the telephone diaphragm. Now if sound waves 
acting through the transmitter cause fluctuations or variations 
in intensity in the original waves, the effect will be such as in- 
dicated in the middle curve. This also would not directly affect 
the telephone, for the positive and negative currents exactly 
balance each other. A detecting device has to be used which 
may be in the form of a crystal detector, or if a more sensitive 
detector is required, an audion detector may be used. Then the 
current in the telephones will on the whole vary as shown in 
the lower curve, corresponding to the fluctuations of the incom- 
ing wave train, and the diaphragm will vibrate in response, 
thus reproducing the sound. 

This varying of the intensity of the continuous train of oscilla- 
tions which are sent out is called modulation. It may be accom- 
plished in different ways, usually through varying the plate 
voltage. The method described is a very simple way of modulat- 
ing through plate voltage variation. 
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825. Light. In a perfectly dark room we cannot see any 
objects — we have no sensation of sight — showing that vision 
requires something more than simply the eye and the object to 
be seen. That additional something is called light. We may 
define it as the agent which excites the sensation of sight. 

When a candle is lighted in the room we see it and also the 
other objects near. The candle flame is said to be self-luminous 
and a source of light. 

Conditions of Vision. When the candle is so screened that 
its light falls only on the eye of the observer but not on other 
objects in the room, then only the candle itself is seen. It thus 
appears that illuminating the eye does not give it power to see 
other objects from which light is excluded. Light must fall 
upon the objects themselves if we are to see them. 

And even when an object is illuminated, if a screen is inter- 
posed across the straight line from the object to the eye, the 
former is hidden and we see the screen but not the object behind 
it. This leads to the inference that in order that a body may be 
seen light must pass from it to the eye, and usually this takes 
place along straight lines. 

826. Transparent and Opaque Bodies. Bodies differ greatly 
in their capacity for transmitting light. Those that transmit it 
freely are said to be transparent, while those that intercept it 
are called opaque. Opaque bodies are of two kinds: those that 
turn back the light at the surface and those into which light 
penetrates and is absorbed and transformed into heat. The 
opacity of metals is largely of the first kind, while that of most 
other substances is due to absorption. 

Substances like paper or milk-glass, or milky or muddy waters, 
which transmit light but through which we cannot see objects, 
are said to be translucent. They are not homogeneous bodies, 
but light in passing through them is scattered in all directions 
at the surfaces of innumerable little particles throughout the 
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mass. Even transparent bodies, such as glass or water, turn 
back or reflect at the surface a part of the light that falls upon 
them. 

Bodies may be transparent for some kinds of light and opaque 
for others, and this is largely the cause of the colors of bodies. 

827. Light Advances in Straight Lines. Light travels out from 
the source in straight lines so long as it remains in a homogeneous 
medium. 

Thus a carpenter sights along the edge of a board to see 
whether it is straight; and the boundary of a shadow is roughly 



Fig. 479. Light travels in straight lines 


defined by straight lines through the source of hght and tangent 
to the obstacle.* 

But the most convincing evidence of this fact is the exactness 
with which surveys are made. All measurements of angles 
made by surveying or astronomical instruments assume that 
light from the distant object comes to the observer’s telescope 
in straight lines if the medium is homogeneous. 

When light is admitted to a dark chamber through a small 
hole, an inverted image of the outer landscape is formed on a 
white screen opposite the opening. For as light goes^ through 
the opening in straight lines each point on the screen is illumi- 

* On close examination of a shadow, even when the source is the merest point 
of light, it is seen that there is not a sharp transition from light to dark at its edge, 
but it is marked by a series of alternate dark and light diffraction bands. 
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nated by light from a single point in the landscape, and, there- 
fore, the relative brightness and colors of objects in the landscape 
are reproduced at the corresponding points on the screen. A 
white screen is used because it reflects to the eye all colors equally 
well. 

828. Shadow, Umbra and Penumbra. When the source of 
light is a broad luminous surface, as in case of an ordinary gas 

flame, shadows are not 
sharply defined, but shaded 
at the edges. For example, 
in case of the sun and earth, 
as shown in figure 480, the 
region between B and C is in 
full shadow, and is known as the umbra; while the outer region 
shades from full illumination at A to complete shadow at and 
is known as the penumbra. 

829. Intensity. If the source of light 5, figure 481, is a point, 
it is clear that a surface A if moved to B, twice as far from the 
source, will intercept only one- 
fourth as much light as in its 
original position; if its distance 
from the source is increased 
three times it will intercept only 
one-ninth as much light, etc. 

Hence the intensity of its illumi- 
nation or the quantity of light 
which it receives per unit surface varies inversely as the square of 
its distance from the source. 

That is, if the intensity at unit distance from a point source 
is /o then the intensity / at a distance r from the source is 



830. Oblique Incidence. Suppose a square surface is placed 
perpendicular to the rays of light," as shown at AB in figure 482, 
and is illuminated with light of intensity J. If it is inclined 
through an angle x into the position AC, the beam of light falling 
upon it will be narrower than before in the ratio AD to AB. 
The intensity of illumination in the inclined position will there- 




A 

Fig. 480. Umbra and penumbra 
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fore be to the intensity when perpendicular in the ratio oi AD 
to AB^ that is, as cos x is to 1. 

831 . Actual Sources. In all practical cases the source is 

not a point, but a luminous surface or region from every point 
of which light is sent out; and it is clear that however close the 
illuminated surface may be placed, its intensity 
of illumination cannot be greater than the 
brightness of the source. 0 

The law that the intensities at two points are 
inversely proportional to the squares of their 
distances from the source holds very closely 
when they are in the same direction from the 
source and are so far away from it that it sub- 
tends only a small angle. If the source subtends 
an angle of 10^ the error is less than 1 per cent. 

832 . Photometry. The measurement of the relative amounts 
of light given out by two sources is called photometry. When 
both lights are of the same color the comparison may be made 
by several methods with much accuracy. If the lights differ 
in color they may be analyzed into their component colors and 
the corresponding components of each be compared by means of 
a spectrophotometer to be described later (§ 947) . 

In all photometric measurements care must be taken that 
the only light falling on the photometer screen comes directly 
from the lights which are compared. The experiments must 
therefore be conducted in a room from which daylight is excluded, 
and by means of black screens all light reflected from white 
walls or other objects must be kept from the photometer 
screen. 

833 . Rumford Photometer. The simplest form of photom- 
eter is that devised by Count Rumford and shown in figure 483. 
An opaque rod is mounted a short distance in front of a white 
screen. The lights to be compared are so placed that the two 
shadows of the rod are side by side and of equal intensity. The 
shadow cast by A is illuminated only by B and that cast by B is 
illuminated only by A; if therefore the shadows are equally in- 
tense the illumination of the screen must be the same by A 
as by Let h represent the brightness of A, meaning by 
brightness the intensity with which it illuminates a surface at 
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unit distance from it, and let bi represent that of B and let d 
and di represent their respective distances frorn the screen. Then 
b bi b 

^ ^ ^ h~ dr 

or the brightnesses are proportional to the square of the dis- 
tances measured from the lights to the screen. 



Fig. 483. Shadow photometer 

Bunsen Photometer. A better form of photometer, free 
from penumbral disturbances at the edges of shadows, is the 
grease-spot photometer devised by Bunsen, which consists of 
a screen of white paper having a spot at its center rendered 



translucent by means of grease or parafhn. The screen is 
placed between the lights to be tested so that one side is illu- 
minated by one light and one by the other. The translucent 
spot transmits light quite freely, and therefore if the paper is 
lighted only on one side the illuminated side will appear bright 
with a dark spot at the center while the side away from the light 
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will be darker with a bright central spot. If the two sides of 
the paper are equally illuminated the spot disappears. The 
intensities of the lights are then proportional to the squares of 
their distances from the screen. 

( ^3^ Lummer-Brodhun Photometer, The Luimner-Brodhun pho- 
tomeTer is a development of the idea embodied in the Bimsen photometer. 
Its construction is shown in figure 485. At 5 is an opaque screen with per- 
fectly white plaster-of-Paris surfaces. M and M' are mirrors and P and P^ 
are two polished prisms of glass, one of which, P' , has the whole of the diag- 
onal surface completely polished, 
the other, P, has only a central 
round spot on the diagonal face 
polished, the rest being ground 
away so that the two prisms touch 
only in this central polished spot. 

When freshly pohshed they are 
put together under great pressure 
so that they cohere firmly like a 
solid block of glass. If the lights 
to be compared are now placed in Yio, 485 

the direction of the arrows A and 

B, respectively, light from the side of the screen illuminated by A after re- 
flection at M passes directly through the central spot in the block of prisms 
to the observer at 0, while light from the side toward B after reflection at 
M' is reflected to the observer at O from that part of the diagonal face 
P^ which surrounds the central spot, while the light from M' which falls 
upon the central spot simply passes through and is not reflected to the eye. 
Thus to the observer at 0 the brightness of the central spot depends on the 
illumination of the left-hand side of the screen by A, while the brightness 
of the surface aroimd the central spot depends on the illumination of the 
right-hand side of the screen by the light B. The distances of the lights 
from the screen are varied until the central spot and surrounding surface 
appear equally illuminated. 

836. The Rood-Whitman Flicker Photometer. When two lights differ 
in color it is diflflcult to compare their intensities by the above methods, for 
the two parts of the photometer screen cannot be made to look alike. In 
such cases the relative luminous intensities may be approximately found by 
the flicker photometer. In this instrument light from the source B falls on 
a white screen P, fixed at an angle of 45° in front of the eye tube through 
which it is observed. Light from the source A falls on a second white 
screen which also makes an angle of 45° with the eye tube and is rotated 
slowly about the axis shown in the figure. 

This screen is made with projecting sectors which, as it rotates, come 
between the eye tube and the fixed screen P, so that the observer sees during 
one-quarter of a revolution only the rotating sector iUummated by the light 
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A, while in the next quarter revolution the fixed screen illuminated by B 
is exposed. 

Thus the two screens are alternately exposed to view for equal times, and 
by careful adjustment the speed of rotation is made such that a very dis- 
agreeable flickering effect is noticed unless the illuminations due to A and B 
are of equal intensity. The distances of A or B are varied until the flicker- 
ing is a minimum, when the intensities of the two lights are proportional to 

the squares of their distances 
from the screens. 

837. Standard of Light 
Intensity. Many stand- 
ards of light have been 
proposed for commercial 
and scientific purposes, 
but none are altogether 
satisfactory. 

The English Electrical 
Standards Committee has 
defined one candle-power 
as one-tenth the candle-power under standard conditions of a 
particular pentane lamp kept in the National Physics Laboratory. 
The standards of light used by our Bureau of Standards are 
certain incandescent lamps which have been compared directly 
or indirectly with the English, French and German standards. 

The English standard candle formerly used was a spermaceti 
candle made to burn 120 grains per hour with a flame height of 
45 mm. 

838. Illumination. The illumination of a surface is measured in foot- 
candles, one foot-candle being the illumination produced by a 1-candle- 
power lamp at a distance of 1 ft., or by a 16-candle-power lamp at a distance 

Sofne Values of Illumination 

Good illumination for reading 4 foot-candles. 

Poor illumination for reading , 1-2 foot-candles. 

Pull moonlight 02 foot-candles. 


Fig. 486 


Velocity of Light 

839. Early Experiment. It has been seen that light seems to 
pass from the source to the eye in straight lines. This at once 
suggests inquiry whether or not the eye instantly experiences the 
sensation of light when a candle is uncovered. 
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The earliest attempt to solve this question was made by the 
Florentine Academy after a method proposed by Galileo. A 
light on an eminence was uncovered and flashed to a station on 
a distant hill where a second observer also having a covered light 
was watching. As soon as the flash was seen by the second 
observer he uncovered his light, sending an answering flash back 
to the first station. The first observer was to note the exact 
time between the uncovering of his light and the sight of the 
return flash. The experiment showed that if any time at all 
was required for light to travel from one station to the other it 
was too short to be detected by that method. 

840. Roemer’s Discovery. The first emdence that light re- 
quired an appreciable time to pass from one point to another 



was obtained by the Danish astronomer, Roemer, in 1676, by the 
following method : 

The first satellite of Jupiter passes into the planet’s shadow 
and disappears or is eclipsed every time it revolves around the 
planet. Some years before Roemer’s discovery Cassini had 
carefully determined the periodic time of the satellite and had 
prepared tables showing when the eclipses might be expected 
to take place for several years ahead. On comparing these 
tables with the recorded times of observed eclipses Roemer 
found that they were observed sooner than predicted when the 
earth was on the side of its orbit nearest to Jupiter, and later 
than predicted when it was on the opposite side. He concluded 
that the discrepancy was due to the velocity of light; for evi- 
dently if it takes 10 minutes for light to cross the earth’s orbit 
from B to C, then an eclipse would be seen 10 minutes later if the 
earth were at C than if it were at B, The observations indicated 
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that light requires 16 minutes to cross the whole of the earth’s 
orbit, or approximately 8 minutes to go from the sun to the earth 
or, more exactly, 498 seconds to traverse the 92,900,000 miles 
between sun and earth, making the velocity of light in inter- 
planetary space 186,600 miles or 300,200 kilometers per second. 

841. Bradley’s Discovery- No further evidence of the veloc- 
ity of light was obtained until 1727 when the English astronomer, 

Bradley, discovered that the 
stars in any given part of the 
heavens were apparently dis- 
placed from their mean posi- 
tions by an exceedingly small 
amount which depended on the 
position of the earth in its 
orbit. The explanation of this 
phenomenon, which is known 
as aberration^ was finally sug- 
gested to him by the observa- 
tion that the position of a flag 
on a small boat depended on 
the velocity and direction of motion of the boat as well as on 
the wind. He said to himself that the apparent direction in 
which light comes to the earth from a star must be affected by 
the velocity of the earth, just as the apparent direction of a 
breeze to a man in a boat depends on the motion of the boat. 

For suppose light coming from a star in the direction ab 
(Fig. 488) enters at a telescope which is being carried along 
sidewise in the direction eb, and that the light advancing in the 
direction ob reaches b at the same instant that the eye-piece 
reaches there as it moves from e to b. The light will be received 
by the eye and the telescope will seem to be pointing at the 
star. To accomplish this the telescope evidently must incline 
forward so that ob :eb : :V w where V is the velocity of light 
and V is the component, perpendicular to the star’s direction, 
of the velocity with which the telescope is carried along by the 
earth, and the apparent direction of the star differs from its 
true direction by the angle x, such that 

V 

tangent x = —• 
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When the earth is moving directly toward or away from a 
star there is no displacement or aberration, while stars in direc- 
tions at right angles to that in which the earth is moving have 
maximum displacement. The apparent position of a star there- 
fore changes slightly as the earth moves from one part of its 
orbit to another, so that by careful determinations of its apparent 
position made during an entire year the maximum displacement 
or aberration constant may be determined. 

Recent observations give as the aberration constant 20.492''. 
Now, the mean velocity of the earth in its orbit is 18.51 miles 
per second, and we may calculate the velocity of light V from 
the relation 

tan (20.492") = — 

which gives 186,400 miles or 299,930 kilometers per second. 

842. Fizeau’s Method- On account of the enormous velocity 
of light it was not until 1849 that a method of measuring it was 
devised which did not involve astronomical measurements. In 
that year the determination was made by Fizeau by the following 
method. A telescope and collimator were set up 8.633 kilo- 
meters (more than 5 miles) apart. A beam of sunlight L 
(Fig. 489) sent through an opening in the side of the telescope 
was reflected by a small oblique plate of glass G so that it passed 
directly out through the lens of the telescope to the distant colli- 
mator which was provided with a mirror M at its back. The 
collimator and mirror were so adjusted that the beam of light was 
reflected directly back into the telescope again, and passing 
through the plate of glass G was received by the eye at E. Thus 
light came to the eye at E after traveling to the distant mirror M 
and back again. At S in the telescope is a small opening which 
is alternately opened and closed by the teeth of a cogged wheel 
W which revolves immediately in front of it. If the wheel is 
slowly rotated, light from L passing through a gap between two 
teeth travels to the distant mirror and back again through the 
same opening to the eye at E, If the notches and teeth in the 
wheel are of equal width and if the speed of rotation is such 
that a tooth moves forward just its own width in the time that 
light requires to go to the distant station and back, light which 
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must have passed out through an opening will on returning find 
the opening closed by a tooth and will therefore be cut off from 
the observer at E. If the speed is then doubled, light passing 
out through one opening will return through the next one; at 
a still higher speed it will be eclipsed again, etc. It is therefore 
only necessary to observe the speeds at which the light is com- 
pletely eclipsed to be able to determine the velocity of light, 
when the distance between the two stations and the number of 
teeth in the wheel are known. In Fizeau’s apparatus there were 



Fig. 489. Fizeau's apparatus for measuring the velocity of light 


720 teeth in the wheel and the first eclipse was noticed when the 
wheel made 12.6 revolutions per second. Therefore the time 
required for light to travel twice the distance between the two 
stations was only 

1 1 

— - sec 

720 X 12.6 X 2 18143 

The stations were 8.633 kilometers apart, making the velocity of 
light 313,000 kilometers per second- The same method carried 
out by Cornu in 1874 with improved apparatus gave V = 304,000 
kilometers per second. 

Foucault’s Method. Another method of measuring the 
velocity of light was devised and carried out by the French 
physicist, Foucault, in 1850. The essential features of the appa- 
ratus are shown in the diagram, figure 490. A beam'of sunlight 
concentrated on the narrow slit S passes through it and through 
the inclined plate of glass G and the lens i to a small mirror w, 
from which it is reflected to a concave mirror M whose center of 
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curvature is exactly at the center of the mirror m. The light is 
reflected perpendicularly back from M to m and thence back to 
the glass plate G, which reflects it aside into the eye-piece E. 
A bright image of the slit 5 is formed at a by means of the lens 
L, and this is seen by the observer at E, If the mirror m is 
now slowly rotated in the direction of the arrow, the image of 
the slit will be formed at a only when m is in such a position, 
as it revolves, that the beam of light reflected from it meets the 
concave mirror M; consequently the image at a will disappear 
and reappear once in each revolution; but as the speed is in- 



Fig. 490. Velocity of light measured by rotating mirror 

creased to more than about 10 revolutions per second the eye no 
longer detects the intermittence, but sees a continuous image of 
the slit. As the speed of rotation increases, it is noticed that the 
image of the slit is no longer at a, but is displaced toward b, 
the amount of the displacement being proportional to the speed 
of rotation of the mirror. This displacement is due to the fact 
that while light is traveling from m to M and back again, the 
mirror has turned forward through a small angle, and conse- 
quently the returning light is reflected slightly upward, as Shown 
in the above figure, and not back along its original path, causing 
the image of the slit to be displaced to b. The displacement ab 
may be measured by a micrometer, and from it the angle through 
which the returning beam is turned upward may be determined. 
But this angle will be twice the angle through which the mirror 
turns while light is traveling from m to M and back (§ 855). AU 
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that remains therefore is to determine the distance mM and the 
speed of revolution of the mirror; the velocity of light may then 
be easily calculated. 

In Foucault's experiment the distance mM was only 4.12 
meters, and the greatest displacement ah was about 0.3 mm. 
when the rotating mirror was making 800 turns per second, a dis- 
placement too small to give a very accurate result. But he tried 
the very important experiment of introducing a long tube of 
water between m and M through which the light was sent, and 
was able to show that the velocity of light in ‘water was less than 
in air, a result of the greatest significance in determining the 
nature of light (§ 877). 

Michelson’s Modification. In 1879 Michelson, then at 
the United States Naval Academy, modified Foucault's method 
by substituting for the concave mirror M a lens through which 
the light passed to a distant mirror where it was reflected 
back. In his first experiments the distance from the revoLidng 
mirror to the fixed mirror was 605 meters. This great incjc^se 
in the distance between the mirrors caused a correspondingly 
greater displacement which could be measured with far less 
percentage of error. His experiments in 1879-82 and those 
conducted according to his method by Newcomb in 1882 are 
the most accurate determinations of this important constant 
that have, been made. 

In some of Michelson's experiments the displacement to be 
measured by the micrometer was 13.3 cms., or 400 times that 
obtained by Foucault. 

The results obtained by this improved method are as follows : 


Observer 

Kilometers per Sec, 

Miles per Second 

Michelson, 1879 

299,910 

186,380 

Michelson, 1882 

299,853 

186,345 

Newcomb, 1882 

299,810 

186,317 


846. Velocity Same for All Colors. In these various deter- 
minations of the velocity of light, the light employed was either 
sunlight, starlight, or light from the electric arc. But although 
these lights are complex, there was not found in any case a 
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perceptible difference in velocity between light of different colors, 
when measured in air or in interplanetary space. Shapley has 
shown that the velocity of light of different colors as measured 
from the spectra of variable stars agrees to one part in a billion. 

PROBLEMS 

1. How far from a screen must an 8 candle-power lamp be placed to 
give the same illumination as a 16 candle-power lamp 10 ft. distant? 

2. When a photometer screen is equally illuminated by a 32 candle- 
power lamp at a distance of 2 meters, and an arc lamp 12 meters away, 
what is the candle-power of the arc light? 

3. A rifle bullet has a speed of 2000 ft. per sec. How many inches will 
it advance while light travels a mile, and how far while light travels 25,000 
miles (the circumference of the earth)? 


Wave Theory 

Mode ot Propagation. Only three methods are known 
by which energy may be transmitted from one point of space to 
another. First, by the movement as a whole of some medium 
reaching from one point to the other, as in the case of ropes, belts, 
or shafting. 

" Second, by projectiles, as in the case of a shot from a gun or a 
ball thrown. 

Third, by waves, as in case of sound or water waves. 

We have found that light is communicated from one point to 
another with a velocity of about 300,000,000 meters or 186,400 
miles per second. By which of the above processes is it propa- 
gated? We may evidently reject the first as inconceivable. 
The second was advocated by so great a philosopher as Sir Isaac 
Newton, while Huygens, the celebrated Dutch physicist, urged 
the claims of the third. While much of the most convincing 
evidence will be found in phenomena that must be taken up 
later in our study, there are some considerations which even at 
this point may help us to reach a tentative conclusion. 

The velocity with which a projectile travels depends on the 
initial impulse. If light is communicated by means of particles 
shot out from the luminous body we should expect to find the 
velocity depending on the source and that particles emanating 
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from the sun would have a different velocity from those from an 
electric light. 

On the other hand, the velocity of a wave depends only on its 
wave length and the nature of the wave {vvhether compressional 
or transverse j etc.) and the properties of the medium of which it is 
a disturbance. Sound waves from fiddle, pipe,, or drum advance 
with the same speed through air. If light is a wave motion we 
may expect to find light waves, whatever their source, traveling 
with the same velocity through space, and this is precisely what 
experiment shows to be the case. This consideration therefore 
points to its being a wave motion. 

847. The Ether. On the other hand, if light is propagated 
by waves, they are waves of what? Light passes through inter- 
stellar space and through the most perfect artificial vacua, that 
can be produced. If there are light waves, they must be in some 
medium which extends throughout space as far as the most 
distant star from which we receive light, it must fill all vacua 
and permeate all bodies through which light can pass. And yet 
no resistance to the motion of earth or planets through this 
medium has ever been detected. Yet in spite of these objections 
such a medium must be supposed to exist if light is communi- 
cated by waves, and it has been named the luminiferous ether 
or simply the ether. 

848. Other Evidence for the Ether. It is remarkable that 
there is independent evidence for the existence of such a medium 
obtained from the study of electricity and magnetism. Electric 
and magnetic forces act through vacua, and may be produced as 
Faraday supposed by tensions and pressures in a surrounding 
medium. When a magnet draws a piece of iron to itself we may 
in imagination see it pushed up to the magnet by the stresses 
in the ether. 

But far more important is the direct evidence of Hertz’s ex- 
periments; for electric waves have been proved to exist and are 
found to have the same velocity as light. 

849. Electromagnetic Theory. And since the velocity of a 
wave depends both on the properties of the medium and on the 
kind of wave motion, it is highly probable that the vibrations in 
light waves are exactly the same as in electric waves; or, in 
other words, that light waves are electric waves. 



WAVE THEORY 


599 


This theory of the nature of light waves is known as the 
electromagnetic theory of light; it was proposed and developed by 
Maxwell in 1865. Its conception and establishment, next to 
that of the conservation of energy, is the most remarkable 
achievement of physical science in the nineteenth century. 

In our further study we shall endeavor to test the probability 
of the hypothesis that light is a wave motion by inquiring whether 
it affords simple and natural explanations of the various phe- 
nomena as they arise. 

850. Form of Light Waves. If light comes from a source as a 
series of waves, the form of a wave, as it advances in all directions 
with equal velocity, must be spherical, and the direction of 
advance being radial is at right angles to the wave front. 

851. Beams and Rays. When light shines through a small 
opening, the stream of light is called a beam) and a very narrow 
beam is called a ray. When the beam 
comes from a very distant source, the 
rays of which it may be conceived as 
made up are parallel, and it is called a 
parallel beam; in that case the wave 
fronts are planes. 

When light comes from a point, the rays diverge radially from 
the source and the wave fronts are spherical segments having 
the source as their center. Such a beam is divergent, and its 
waves enlarge as they advance. 

By means of a lens or curved mirror, a beam of light may be 
made to converge toward a point which is called the focus, in 


Fig. 491. Parallel beam 
with plane waves 



Fig. 492. Divergent beams with 
convex expanding waves 



Fig. 493. Convergent beam with 
concave contracting waves 


which case the wave fronts must be concave spherical surfaces 
which contract as they approach the focus. 

852. Geometrical and Physical Optics. The study of light 
is also called optics. The method of treating the subject which 
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ignores the existence of waves and treats a beam of light as a 
bundle of rays is called geometrical optics, while the other method 
which investigates the dependence of the various phenomena of 
light on the properties of waves is known as physical optics. 

Reflection of Light and Mirrors 

853. RefLection: Regular and Diffuse. When light reaches a 
surface where there is a change of medium, some is reflected or 
turned back into the first medium while some penetrates into 
the second medium. 

When the reflection takes place at a flat polished surface, 
light comes to the eye as though directly from the distant objects 

themselves, and if the polish is per- 
fect none of the light seems to come 
from the reflecting surface, but we 
seem to be looking through an 
opening at objects beyond. This is 
known as regular rejlection. 

If the surface is now ground with 
coarse emery, we no longer see re- 
flected objects, but light goes out 
from the surface itself in all direc- 
tions as though it were a source of light. This is known as 
disuse reflection. It takes place at the surface of such bodies as 
wood, paper, cloth, etc., and seems to be due to the breaking 
up and scattering of light waves by the roughness or irregularity 
of the reflecting surface. To polish a surface so that it reflects 
like a mirror the very finest emery and polishing rouge must 
be used, a fact which indicates that the length of light waves 
must be extremely small. In some conjurers^ illusions advantage 
is taken of the invisibility of a well-polished mirror surface. 

854. Regular Reflection. The law of regular reflection is 
the same for light waves as for other forms of wave motion. If 

is the incident ray and BC the reflected one, the angles i and 
r which they make with the normal BN are called the angles 
of incidence and -.reflection, respectively. In case of regular 
reflection, the angles of incidence and reflection are equal and Us 
in the same plane. This plane is called the plane of incidence. 


JV 



Fig. 494. Regular reflection of 
waves 



REFLECTION 6oi 

It will be observed that by reflection a wave front such as 
ah is turned into the position a'V . 

855 . Mirror Turned Through an Angle. If a beam of light 
SO (Fig. 495) meets the mirror perpendicularly, it is reflected di- 
rectly back on its path. But if the mirror is turned through the 
angle x, the reflected beam will take 
the direction OP where the angle of 
reflection y is equal to the angle of 
incidence x. By the motion of the 
mirror through the angle x, the re- 
flected beam has therefore been 
turned through an angle x + y = 2x. 

Suppose the mirror is attached 
to the needle of a galvanometer and 
reflects the light from an incandescent lamp upon a graduated 
scale. It is clear from the above that when the needle turns 
through a small angle, the reflected beam of light must move 
through twice that angle. 

856 . Plane Mirror and Images. If a source of light is placed 
at O in front of a plane mirror MM\ figure 496, the light after 

reflection will appear to come 
from a point O' as far behind 
the mirror as O is in front of 
it. (See also § 301.) For 
trace the incident and reflected 
rays OB and BC, and produce 
the latter backward meeting 
the perpendicular OP at O'. 
Then the triangles OPB and 
O'PB have right angles at P, 
and the side PB common, and 
the angles PBO and PPO' are 
equal because of the law of reflection, therefore PO' = PO. But 
B is any point in the reflecting surface, therefore all reflected 
rays from O if produced backward will pass through the point O'. 
Light waves from O after reflection from the mirror come to the 
eye as if they had come from O', and consequently O' is said to 
be the image of O. It is a virtual image as distinguished from a 
real one^ because the Ught does not actually pass throtigh the point O'. 
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If an object represented by the arrow OE is placed in front of a 
plane mirror the image is virtual and in the position O'E' , each 
point in the image being as far behind the mirror as the corre- 
sponding point in the object is in front of it. 

857- Multiple Reflection. When two plane mirrors are placed at 
right angles to each other as in figure 497, three images are formed of an 
object O placed between them. O' is the 
image of O in AB, O" is the image of O in 
BC, while O'" is the image of 0' in BC 
or of O" in AB. The rays which come to 
the eye as if from O'" are reflected twice, 
once by each mirror. 

In the kaleidoscope three narrow 
strips of mifror"3^s?"^ placed edge to ^ 
edge, forming a triangular prism with 
the mirror faces turned inward. An ob- 
seryer looking in at one end of the con- 
trivance sees a regular hexagonal pattern 
formed by the repetition of some figure 
formed by pieces of colored glass at the 
other end of the tube. 

If two flat mirrors are placed parallel 
and facing each other, an observer stand- yig. 497 

ing between them with a lighted candle 

will see an infinite series of images of the candle stretching into the distance 
in each mirror. The first image is formed by a single reflection, the second 
by light reflected twice, once in each mirror, etc. 

858. Concave Mirror. The surface of a concave mirror is 
commonly a portion of a sphere, because spherical surfaces are 
ground and polished with comparative ease. 

If such a mirror is held facing the sun, a bright spot of light, 
which is the image of the sun, is formed half-way between the 
mirror and its center of curvature. The angular size of the 
focal image as seen from the mirror is the same as that of the sun 
itself, so that the shorter the radius of curvature of the mir- 
ror, the smaller this image is. The point where the image is 
formed is called the principal focus of the mirror (Lat, focus ^ a 
hearth). With a large mirror of short focal length so great a 
concentration of the sun’s rays may be obtained that lead may 
be melted and paper and wood ignited at the focus. 

If a candle is held at ri., between the center of curvature of 
the mirror and its principal focus, a real linage of the flame will 
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be formed at a certain point B beyond C. This image^ being real^ 
may be seen on a a zhite screen placed there. It is inverted and as 
much larger than the object at A as it is farther from the mirror. 

When the caiidlt is moved away from the mirror, the image 
moves toward it and they meet at C where the image is of the 
same size as the object 
and still real and in- 
verted. As the candle is 
moved still farther from 
the mirror, the image 
approaches F as a limit 
and when the distance of 
the candle is many times 
the radius of curvature 
of the mirror, the image is formed almost exactly at F, the size 
of the image being smaller the farther off the candle is placed. 

859. Conjugate Foci. The positions of candle and image, 
A and B, are interchangeable — the candle may be placed either 
at A or F and the image will be formed at the other point. Two 
points so related that one is the image of the other are known as con- 
jugate foci. The principal focus is conjugate to a point on the 
axis infinitely distant from the mirror. 

860. Principal Focus. The principal focus of a mirror may 
be defined as that point where all rays parallel to the axis meet 

after reflection^ it is half-way 
between the mirror and its cen- 
ter of curvature. This may be 
proved as follows: 

Let C be the center of curva- 
ture of the mirror, and MC its 
axis. A ray OP parallel to the 
axis MC and meeting the mir- 
ror at P will be reflected into 
the direction PF, such that the angle of reflection r is equal to the 
angle of incidence i. But since OP is parallel to the axis, the 
angles i and x are equal, and consequently r = x, and the triangle 
PPC is isosceles and PF = FC. If the point P is not too far from 
M, PF and MF are very nearly equal, so that MF = FC, and F 
is therefore half-way between M and C. 
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It is clear from the above that all rays parallel to t le axis of a concave 
spherical mirror do not meet exactly at the same point /.if ter reflection. This 
imperfection is known as aberration. When a conrave mirror is only a 
very small portion of a sphere this aberration is slight. 

861. Construction of Image. The size and position of the 
image which a concave mirror forms of an object in front of it 
may be determined by the following construction : 

Suppose it is required to find the image of the arrow PO 
(Fig. 500). Trace two rays from P, and the point where they 

intersect after reflection is 
^ the image of P. .One ray 
easily traced is Pyl through 
the center of curvature C. 
This ray meets the mirror 
perpendicularly and is re- 
flected back along the 
Pig. 500 same line ACP. Another 

ray to be taken is PB, 
which is parallel to the axis and is, therefore, reflected back 
through the principal focus F, and intersects the first ray at P\ 
This point is therefore the image of P. The line PCP' through 
the center of curvature is known as the secondary axis through P. 

The image of the point O on the axis will be at O', also on 
the axis, so that P'O' will be the image of the arrow PO. This 
image is evidently inverted, it is also real, for rays of light from 
various points in the object PO actually pass through the corre- 
sponding points in the image P'O' . 

862. Size of Image. The size of the image is to the size of the 
object as their distances from the mirror. For if we draw the 
rays PM and MP' reflected at M, the angles i and r are equal 
by the law of reflection, hence the triangles POM and P'O'M are 
similar and PO : P'O' ::OM : O'M. 

It is also evident from the construction that the sizes of object 
and image are proportional to their distances from the center 
of curvature C. 

863. Virtual Image. When the object is moved nearer to 
the mirror than the principal focus F, an erect virtual image is 
formed back of the mirror, as will be clear from the following con- 
struction. Trace as before two rays from P, one parallel to the 
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axis and reflected througli the other perpendicular to the mir- 
ror and reflected through C; they will diverge after reflection and 
must be produced backward to And the point of intersection P' . 
This is the image of P, and is virtual because the light from P does 
not actually pass through P'. The sizes of object and image are 



Fig. 501. Virtual image by concave mirror 


proportional to their distances from C, hence the virtual image 
is larger than the object. As the object is moved toward the 
mirror the image also approaches it and they meet at M. 

864. Formula for Concave Mirror. A simple formula which 
expresses the relation between the radius of curvature of a 
mirror and the distances from it of two conjugate foci, may be 
obtained as follows: By similar triangles (Fig. 502). 



also 

therefore 


OP : O'P' : : OM : O'M 
OC : O'C : : OM : O'M. 


( 1 ) 


Let p and q be the distances from the mirror of O and O' 
respectively, and let r be the radius of curvature of the mirror. 
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then OC = p - r, O'C = r — q, OM = p, O'M = g, and we 
have by substituting in (1) 

p - r \ r - q:-. p ■. q 

and multiplying means and extremes 

■pr - pq ^ Pq- qr. 


Dividing through by pqr, we obtain the mirror formula, 



( 2 ) 


When O is at a great distance from the mirror, or p is infinitely 
great, we have 

1 T 

- — 0, and therefore ^ 

p 2i 


The point O' is in that case at F, half-way between M and C, a 
result which we have already obtained in § 860. 


r 

When p is less than - ? a negative value of q is obtained, show- 

2i 

ing that in that case the image is formed back of the mirror or is 
virtual. 


865. Illustrations. If a vase mounted on an open box in 


which a bouquet of flowers brightly illuminated is hung upside 



Fig. 503 


down, is set in front of a concave mirror at the distance of its 
center of curvature, and if the mirror is properly inclined, a real 
image of the bouquet will be formed exactly over the vase, so 
that to an observer looking over the vase into the mirror the 
vase appears to hold the flowers. Here object and image are of 
the same size since equally distant from the mirror. 
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Standing back of the center of curvature of a conca,ve mirror 
and looking into it, an inverted and diminished reflection of the 
face is seen; if, however, the face is held within less than the focal 
distance MF, the image is virtual, erect, and enlarged, and we 
have a magnifying mirror. 

866. Convex Mirror. In case of a spherical convex mirror, the 
formula obtained in § 864 applies if the radius of curvature is 
taken negative. Thus for convex mirrors 

11 2 

p q r 

expresses the relation between the distances of image and object 
from the mirror, and its radius of curvature r. 

It will be observed that whenever p is positive, it will give 
a negative value of g, indicating that wherever the object may be 
placed in front of the mirror^ the image will be formed behind it; 
that is, it will be virtual. 

The image may be constructed in size and position as before, 
by tracing from a point P in the object two rays, one which is 



parallel to the axis and therefore after reflection is directed 
away from the principal focus F, and another which is directed 
toward C and meets the mirror perpendicularly so that it is re- 
flected back along the. same line. These two rays diverge after 
reflection and if produced intersect at P' where the virtual image 
is formed. 

The relative sizes of image and object are proportional to 
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their distances from C. The image is therefore erect ^ virtual^ 
and smaller than the object and nearer to the mirror than the object is. 

867. Illustrations. When a polished ball is placed in direct 
sunlight, the brilliant spot of light seen in the ball is the virtual 
image of the sun, formed at the principal focus, half-way between 
the center of the ball and the surface. It is small, for it subtends 
an angle at the center of the ball equal only to the apparent 
angular diameter of the sun. 

The reflected image of the face seen in a convex mirror is 
always virtual, erect, and diminished in size. 

868. Perfect Mirror. It is useful to consider from the point 
of view of the wave theory what form a mirror must have to 
reflect perfectly to a focus all the light that falls on it from a 
given point. If light waves going out from P as spherical waves 



are to be converged to Pj they must after reflection be spherical 
waves converging toward P' . That is, all parts of the spherical 
wave which left P at a given instant must reach' P^ simultaneously, 
and hence it must take light just as long to travel by the path 
PMP' as by any other path PM' P^ where M and M' are points 
on the mirror, and therefore PM + MP' must be equal to 
PM' + M'P'. 

It is known that an ellipsoid of revolution having its foci at 
P and P' satisfies this condition, hence a perfect mirror should be 
a portion of the surface of such an ellipsoid. But even then it 
would be perfect only for light coming from one of its foci. 
Light from any other point would not be perfectly converged to 
a single point focus. 
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869 . Aberration. When light from a point in the object does not con- 
verge to a point in the image, there is said to be aberration. The nature of 
the aberration in case of a spherical mirror is well shown by reflecting a beam 
of parallel rays, or light from a distant object such as the sun, in a concave 
cylindrical mirror mounted over a sheet of white paper, as shown in fig- 


c 


Fig. 506. Caustic curve 

ure 506. It will be observed that only the central rays are reflected through 
the focus F, those striking the mirror near the edge cross the axis decidedly 
to the left of F. The curve to which aU the reflected rays are tangent is 
called a caustic^ and its cusp at F is the ordinary focus of the light reflected 
from the central part of the mirror. 

To avoid excessive aberration the diameter of spherical mirrors is ordi- 
narily small compared with their radius of curvature. 

870 . Parabolic Mirrors. When it is desired 
to take a beam of light of large angle and reflect 
it all in one direction, as in a searchlight, a para- 
bolic mirror is used. For it is a property of the 
parabola that a line joining any point P with its 
focus F and a line through P parallel to the axis 
make equal angles with a tangent at F, and 
hence a ray of light parallel to the axis will be 
reflected to F and conversely aU rays from F 
that meet the surface will be reflected parallel 
to the axis. 

In searchlights and in locomotive headlights 
the source of light is not a point but a luminous 
surface, and an image of this source is formed 
by the mirror. The size of the image formed is pio. 507. Parabolic 
to the size of the source as its distance from mirror 

the mirror is to the focal length FM. Therefore 

to illuminate a large region in front of the reflector the source of light 
should be large and the focal length of the mirror small. While to obtain 
a very intense beam illuminating only a small patch at a great distance the 
source should be small and intense and the focal length of the mirror large. 
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PROBLEMS 

1. How high must a plane vertical mirror be in order that an observer 
6 ft. in height standing in front of it may just see his whole figure? 

2. What sort of mirror must be used and how placed that a ruler in 
front of the mirror and its image may form two sides of an equilateral 
triangle? 

3. Make a construction showing the size and position of the image 
formed by a concave mirror haying a radius of curvature of 3 in., of an 
object I in. long placed 4 in. in front of the mirror. Make full sized drawing. 

4. Make a construction showing the size and position of the image 
formed by a convex mirror, the object being 4 in. in front of the mirror. 
Use the same radius of curvature and size of object as in the last problem. 

6. A candle is placed 3 ft. in front of a concave mirror having a focal 
length of ft.; where is the image, and how large? 

6. Where must an arc light be placed in front of a mirror having a 
radius of curvature of 6 ft. in order that its image may be focused on a screen 
20 ft. from the mirror? 

7. If a light is placed 2 ft. in front of a concave mirror having a radius 
of curvature of 6 ft., where will its image be, and how large? 

8. How far must a man stand from a concave mirror having a focal 
length of 2 ft. in order that he may see an erect image of his face just twice 
its natural size? 

9. Which would make the hotter image of the sun, a mirror with a 
focal length of 6 in. or one with 2 ft. focal length, supposing both to be of 
the same diameter? Why? 

10. How big is the bright image formed when sunlight is reflected by a 
polished sphere 10 cms. in diameter and where is the image situated? Take 
the distance of the sun as approximately 110 times its diameter. 

11. What sort of mirror must be used and what must be its focal length, 
in order that it may form an erect image f as large as an object placed 
2 ft. in front of it? What kind would give an inverted image all other 
conditions being the same? 


Refraction 

871. Refraction. When a beam of light passes obliquely from 
one medium into another, it is usually bent at the surface separat- 
ing the two. This is known as refraction. It may be conven- 
iently studied by the aid of the apparatus shown in figure 508. 
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This consists of a circular glass vessel with flat sides and half- 
full of water into which a narrow beam of sunlight is directed 
in a darkened room. If smoke is blown into the space above the 
water and if the water is very slightly soapy or colored with 
fluorescein, the path of the 
beam may be distinctly traced ^ 

both in the air and water. It 
is then observed that when 

the beam is sent vertically A 

downward it is not bent, but \ 

when it is inclined it is sharply ; j 

bent downward at the surface, \ V- A- .. : J 

and the bending is greater 
the more obliquely the beam 
meets the surface. 

The bending also takes 
place when light passes from 
water to air, as in case of the 
coin in the dish shown in figure ^ 

509. The coin C is out of 
sight of the observer’s eye so fjg. 508 . Refraction of hght 
long as the dish is empty, but 

on filling the dish with water, light coming from the coin is bent 
into the direction OE and comes to the eye as if from C', and 

^ the coin seems hfted into 




Fig. 508. Refraction of light 


Fig. 509. Coin in dish 


In the same way, because 
refraction, an oar appears 
bent upward where it enters 
the water; and a tank of 
water, to one looking down 

Fig. 609 . Coin in dish it looks shallower than 

it reany is, and the more ob- 
liquely the bottom is seen the shallower the tank appears. 

872. Law of Refraction. The exact law of refraction was 
discovered by the Dutch physicist, Snell, about 1620, and may 
be thus stated: 

W/^en light passes from one isotropic medium into another, 
the ratio of the sine ofJhe angle of incidence to the sine of the angle 
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of refraction is constant for light of any given wave length, whatever 
may be the inclination of the incident beam, and the incident, 
reflected, and refracted rays are all in the same plane, called the 
plane of incidence, which is normal to the surface. 

Thus in figure 510, AD and CE are proportional to the 
sines of the angles i and r, respectively, and the law states that 



whatever may be the direction of the incident ray AO, the re- 
fracted ray OC will be so inclined that AD will be to CE in a 
constant ratio which depends on the nature of the two media and 
on the kind of light. If the upper medium is air and the lower 
water, is very nearly ^ of C-E for yellow light, while in case 
of air and crown glass the ratio oi AD to CE is more nearly 
■§■ for the same kind of light. 

873. Index of Refraction. This constant ratio of the sine of 
the angle of incidence to the sine of the angle of refraction is 
called the relative index of refraction of the two media concerned, 
and the more it differs from unity, the greater the bending of the 
ray in passing from one medium to the other. 

The relative index of refraction when light passes from air into 
a substance is commonly called simply the index of refraction of 
the substance. 

The absolute index of refraction of a substance is that which holds when 
light passes from vacuum into the substance; it differs from the ordinary 
index by only about one part in 3500. It may be determined by multiplying 
the index from air into the substance by the absolute index of refraction 
of air^ which is 1.000292 at standard conditions. 
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Indices of Refyactioti of Some Common Substances 
for Sodium Light 


Glass, very dense £int 1.71 

Glass, light crown 1.51 

Rock salt 1.54 

Diamond 2.47 

Water 1.33 

Alcohol 1.36 

Carbon bisulphide 1.64 

Air 1.000292 


874. Cause of Refraction. The velocity of light in water was 
measured by Foucault and found to be about ^ that in air; 
and later Michelson found the velocity of light in bisulphide 
of carbon to be still less than in water. In each case it was 
found that the ratio of the velocity of light in air to that in the 
substance was equal to the index of refraction of the substance. 
Let us now inquire whether the assumption that a beam of light 
consists of a train of waves which experience a change of velocity 
in passing from one medium into another will account for the 
above result, and also whether it affords a satisfactory explana- 
tion of the law of refraction as established by experiment. In 
the following paragraphs we shall trace the consequences of this 
assumption. 

875. Perpendicular Incidence: No Change in Direction. 

When a beam of light in air is perpendicular to the surface of 
another substance, as water, 
in which its velocity is less, 
the wave fronts are parallel 
to the surface AB, and conse- 
quently all parts of a given 
wave front meet the surface 
AB at the same instant, and 
advancing into the lower 
medium with the same veloc- 
ity everynvhere, the wave 
front in the lower medium must remain parallel to the surface 
ABj and the ray direction remains unchanged. 

The wave lengthy how&oer^ in the lower medium must he less than 
in air in the same ratio as the velocity of light in the substance is less 
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Fig. 511. Perpendicular incidence of 
waves 
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than its velocity in air. For it must advance one wave length 
in the substance in the same time that it advances one wave 
length in air, since just as many waves per second enter the lower 
medium as leave the air. 

876. Oblique Incidence: Change in Velocity and Direction. 
If the incident beam falls obliquely on the refracting surface 

then the change in velocity 
in passing from one medium 
to the other causes a bending 
of the ray or change in direc- 
tion, as shown in figure 512. 

For, let the heavy lines 
represent wave fronts one 
wave length apart, advancing 
in the direction of the arrows, 
and let the second medium be 
one, such as glass, in which 
the velocity is less than in air. 
As soon as the edge of the 
wave enters the glass at A it is retarded, while that part which is 
still in air continues to advance with the same velocity as before. 
Consequently the direction of the wave front is changed into 
the position DC. 

Now, BC is the distance that a wave travels in the upper 
medium in the same time that it travels a distance AD in the 
lower medium ; therefore 



Fig. 512 . Refraction of oblique waves 


BC : AD ::V •: V 


where V is the velocity of light in the upper medium and v its 
velocity in the lower one. 

Let i be the angle of incidence BCN or BAC and let r be the 
angle of refraction ECM or ACDy then 

BC - AC. sin i 
AD = AC. sin r 


hence, dividing, we find 

BC sin i 


AD sin r 
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therefore 

sin V 
sin V ^ 

the refractive index. 

From this it appears that the ratio of the sine of the angle 
of incidence to the sine of the angle of refraction is the same as 
the ratio of the velocities of light in the two media, and must, there- 
fore, be constant for all angles of incidence. 

877. Adequacy of the Wave Theory. The above interesting 
result is in exact agreement with the law of refraction as dis- 
covered by .Snell, and it also leads to the conclusion that the 
relative index of refraction of two media is simply the ratio of 
the velocities, of light in those media, a conclusion substantiated 
by the measurements of the velocity of light in water and in 
bisulphide of carbon by Foucault and Michelson. 

We thus find that the wave theory leads to a simple and 
natural explanation of the facts known about refraction, a 
result which must strengthen our conviction of the essential 
soundness of the theory. 

Also the index of refraction of a substance takes on a new 
interest when we think of its physical significance as the ratio 
of the velocity of light in air or vacuum to that in the substance. 

878. Total Reflection. When light passes from one medium 
into another in which the velocity of light is greater, as when 
it passes from water or glass into air, the refracted ray is bent 
away from the normal. Thus a ray of light coming up from below 
and meeting the surface of water on the under side, as shown by 
^ 0 in the first diagram of figure 513, is in general partly refracted, 
and bent away from the normal in the direction OB and partly 
reflected along OD. But as the direction of .40 is changed and 
made more oblique, OB is bent away more strongly until when 
AO takes the direction shown in the middle diagram of the 
figure, the refracted ray OB euSerges at an angle of 90° and grazes 
along the surface. The angle AON in this case is called the 
critical dngle. When the angle of incidence is greater than the 
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critical angle, as shown in the third diagram, none of the light is 
refracted but the beam is totally reflected along OZ), as if the 
surface of the liquid were a polished metal mirror, for there is no 
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Fig. 513 


corresponding direction in which it can emerge into the upper 
medium. 

879, Critical Angle. The angle AON in the middle diagram 
above, beyond which refraction cannot take place, is called the 
critical angle. From the law of refraction, 

sin MOB 
sin AON ^ 

but sin MOB — 1 since MOB is a right angle, therefore 

sin A ON == i 
n 

or the sine of the critical angle is equal to the reciprocal of the 
index of refraction. 

880. Illustration of Total Reflection. If a tumbler full of 
water and having smooth sides is held in the hand, on looking 
down obliquely into it the. sides are seen as polished, mirror-like 
surfaces reflecting objects under the glass but the fingers holding 
the glass cannot be seen through the surface if it is dry, as in 
that case light coming up from b^low is totally reflected at the 
side. If the fingers are moist they will be seen only at the spots 
where they press against the glass. 
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A right-angled glass prism having all its sides polished may be 
used as a mirror to turn a beam of light through 90° if the light 
falls upon it as shown in the figure, for in that case it meets 
the oblique surface inside the glass at 45°, which is greater than 
the critical angle for glass and air. The intensity of the beam 
reflected in this way is far greater than if 
reflected from the outside of the same 
surface, for in that case a large amount 
of light is lost by refraction through the 
prism. 

In figure 515 is shown a right-angled 
prism used as a reversing prism with a 
projecting lantern. The beam AA' which 
on entering the prism is directed down- 
ward, on leaving it is sloping upward, so 
also BB' is changed from an upward in- 
clination on entering the prism to an equal downward slope on 
emergence. 

881. Refraction of Gases. The refracting power of gases is 
small compared -with that of solids or liquids, the change in 

A 



mg pnsm 



Fig. 515. Reversing prism 


velocity when light passes from vacuum into air under ordinary 
conditions being only about one nine-hundredth part of the 
change in velocity when it enters water. Yet it is the variations 
of this small refractive power caused by the fluctuating density 
in the hot-air currents over a stove that cause the unsteadi- 
ness in the appearance of bodies seen through the stream of 
hot air. 

882. Atmospheric Refraction. In consequence of the refrac- 
tion of the air the apparent angular distances of stars from the 
zenith are less than their true zenith distances, the rays being 
refracted just as much as if the atmosphere terminated abruptly 
in a level surface just above the observing telescope arid all 
above were vacuum, instead of gradually diminishing in density 
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as it does. The sun or moon when seen near the horizon appears 
flattened in consequence of the lower edge being more raised by 
refraction than the upper edge, and when apparently just 
above the horizon it is really entirely below it. 

883. Mirage. When a layer of air next the surface of the 
earth becomes heated it may become less dense and less refracting 
than the cooler layers above it, so that the lower edges of light 



Fig. 516 


waves coming from a distant object are less retarded than the 
upper parts of the waves, and consequently the wave fronts 
swing around and come upward to the eye, as shown in fig- 
ure 516. The distant object is thus seen inverted as if reflected 
in a horizontal mirror. In this way the familiar mirage of the 
desert may give the impression that objects seen are reflected 
in a sheet of water. 


Prisms and Lenses 

884. Refraction of Plane Waves by Plate with Parallel Sides. 

In passing into the plate the beam is bent toward the normal, 
but since the two sides are parallel the waves within the plate 
make the same angle with one side as with the other and will 
therefore be bent as much on emerging from the plate as they 
were bent on entering, and the emergent beam will therefore 
be parallel to the entering one, but displaced sidewise by an 
amount which depends on the thickness of the plate. Light 
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waves from a distant point will therefore enter the eye of an 
observer in the same direction as if the plate were not there. 


If the apparent position of a star shifts on interposing a piece of thick 
plate glass, even if held obliquely, it is because the sides of the plate are not 
perfectly parallel. 



Fig. 517. Refraction through Fig. 518. Refraction through a 

plate with parallel sides prism 


885. Refraction by a Prism. Plane waves when refracted at 
a plane surface remain plane, and therefore will continue plane 
after any number of successive refractions at plane surfaces. 

When a substance has two plane refracting surfaces which 
are inclined to each other it is called a prism, and the angle 
between the two refracting surfaces is called the angle of the 
prism. 

In figure 518 the edge of the prism at A is supposed to be 
perpendicular to the plane of the paper, which is the plane of 
incidence. The beam of light at B enters the prism, is bent 
aside, and on emergence is again bent, and passes out in the 
direction shown at C. The total change in direction is repre- 
sented by the angle CDE^ which is called the deviation of the 
beam. 

The beam is bent toward the thicker part of the prism^ as 
shown in the figure, when the substance of the prism is more 
refracting than air, because that part of each wave is most 
retarded which is farthest from the edge of the prism and has 
to pass through the greatest thickness of retarding substance. 
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886. Minimum Deviation. In such a position of the prism 
as that shown in figure 519, in which the incident beam makes 
the same angle with the first face of the prism as the emergent 
beam does with the second, it is found that the deviation angle 
CDE is a minimum; turning the prism away from this position 
in either direction causes the angle CDE to increase. 

If n represents the index of refraction of the substance of the 



Fig. 519. Minimum deviation 


prism, and if A is its angle and D the angle of minimum devia- 
tion, it may easily be proved that 

, A A- D 
s^n 


sin • 

887. Lenses. Lenses are pieces of glass or other transparent 
substance usually bounded by spherical surfaces, and are used 


3 6 

Fig. S20 

in forming optical images. The line joining the centers of 
curvature of the surfaces of a lens is called its axis. Different 
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types of lenses are shown in figure 520. These are distinguished 
as double convex (1), plano-convex (2), meniscus (3), double 
concave (4), plano-concave (5), and convexo-concave (6). 

In the first three cases light rays parallel to the axis are con- 
verged to a point F, called the principal focus. The distance 
of this point from the lens is called its focal length. Such lenses 
are called convergent; they are thicker in the center than at the 



edges, and consequently plane waves passing through them are 
more retarded at the middle than at the edges, and become of a 
concave spherical form converging on F. 

The last three forms of lens are thinner at the center than 
at the edges and are known as divergent lenses, for plane waves 



Fig. 522. Concave lens. Focal length = / 


advancing along the axis of such a lens are more retarded at the 
edges than at the center and emerge from the lens as spherical 
waves expanding from a center F. This point from which rays 
parallel to the axis on one side of the lens appear to diverge on 
the other side is called the principal focus. In this qase it is a 
virtual focus. 
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Substituting this value oir + r' in (1), we have i == n{b + d), 
and now substituting this in (2) we find 

n{b d) — a + c + b + d 

a + c= {n-l) {b + d). (3) 


Now if the lens is thin E and F are practically at the same dis- 
tance from the axis; call this distance y, and let p be the distance 
AE, q the distance CF, while and i ?2 represent DE and BF, 
the radii of curvature of the lens surfaces. Then if the angles 
ahdc are small, each will be equal to the arc that subtends it 
divided by the corresponding radius, but all the arcs may be 
considered equal to y, so that 


a 





d = 


Ri 


Substituting in (3) we have 


or finally 



which may be written 


1 + 1 = 1 
f q f 


where . / . 



and / is a constant for the lens, depending on its index of refrac- 
tion and the radii of curvature of its surfaces. 

889. Discussion of Formula. Consider first the case of a con- 
vergent lens with the source of light an infinitely distant point, 

in this case / is positive and = oo ; therefore, ~ = 0 and ? = /. 

P. 

Therefore the light converges to a point at a distance / from 
the lens. This point is the principal focus and the distance J 
is \h.t focal length of the lens. 

As the point source P is moved along the axis nearer to the 
lens, the corresponding focus Q or conjugate focus moves away 
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from the lens, so that when p = each of the points P and Q is 
at a distance from the lens equal to 2/. 

As P is now moved uniformly toward the lens, the rays on the 
farther side become more nearly parallel and Q moves off with 
increasing speed till the distance p is equal to / when q becomes 
infinite and the rays go out from the lens parallel. 

If P is now moved still nearer to the lens, the rays on the 



Fig, 527. Divergent lens 
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In case of a dwergent lens, the focal length is negative^ so that 
we have 

-i. 

t i / 

Here if the luminous point P is at an infinite distance, we find 
q = indicating that the rays diverge as if from a point F. 
This is the principal focus and it is virtual. 

As P moves from an infinite distance in toward the lens, the 
conjugate focus Q remains virtual and moves from F toward the 

/ 

lens, so that when p — f, Q = ^ > and when p = 0, q = 0. 

890. Focus for Distant Objects. It is important to observe 
that when the point P is at a great distance from the lens compared 
with its focal length, the conjugate focus Q is very nearly at the 
principal focus, and a great change in the position of P will cause 
only a slight change in Q. Thus when p = ten times f,q = ~^f, 
while if ^ is 100 times q = 

It is for this reason that in a photographic camera the focus 
for all distant objects is practically the same. 

891. Rule for Use of Formula. In using the formula 

P q J 

in the solution of lens problems care must be taken as to the signs 
of the various terms. 

The focal length / is always positive in case of a convergent 
lens and negative in case of a divergent lens. 

When the rays from the point P diverge toward the lens the sign 
of p is positive; if, however, the rays meet the lens as they are con- 
verging toward P then p must be taken negative. 

So also if rays leaving the lens converge toward a real focus the 
distance q of that focus from the lens is positive, while if the rays 
after passing the lens diverge from a virtual focus the distance q 
is negative and is measured back of the lens. 

Notice that we always consider a narrow pencil of rays orig- 
inating in a single point in the object; and that p is determined 
by the rays of such a pencil as they approach the lens, while q 
relates to the rays leaving the lens. 
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The rule of signs may be illustrated by the case shown in 
figure 528. A convergent lens of 4 in. focus is placed 4 in. 
from a divergent lens of the same focal length; if an object P is 
placed 6 in. from the convergent lens, it is required to find the 
position of the image formed by the combination. 

Rays from P diverge toward the lens i, therefore the distance 
6 is positive, and as the focal length of that lens is also positive 
we have 

1 1 _ 1 

6 2 4 

which gives g == +12. 

Hence the rays after passing the first lens converge toward a 
real focus at <2? 12 in. to the right of L, 



But in case of the second lens L' the rays approaching it are 
converging toward a point Q which is 8 in. beyond the lens; 
hence in this case p ^ —8, and as the lens is divergent / = —4; 
hence we have 



which gives ^ == — 8. The rays will therefore emerge as if 
coming from a point Q' , 8 in. back of the lens L\ and the final 
image is virtual. 

892. Images by Lenses. The most important use of lenses is in 
the formation of optical images. Let P (Fr^ 4 . 529) be a point on 
the arrow that lies on the axis of the lens; light from P will be 
converged at its conjugate focus. So also for any other point 
P' in the object there is a conjugate focus Q' which must lie on 
the secondary axis or straight line P'OQ^ through the center of 
the lens, for at the center the opposite faces of the lens are 
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parallel and hence a ray passing through the center is not changed 
in direction. If P and P' are in the same plane at right angles to 
the axis of the lens, Q' will not be in the parallel plane through Q, 
but will be somewhat nearer the lens, making the image curved. 

If a white screen is placed at Q the light falling upon each 
point of it comes from the corresponding conjugate point on the 



other side of the lens and a picture or real image is therefore 
formed on the screen just as though the light had come through 
a pin hole at O, but more brilliant. This is the principle of the 
photographic camera. 

The image formed by , a lens may be seen directly by the eye 
instead of being received on a screen* for the eye may be placed 
to the right oi Q dit distance from it of about 10 in., or the 
distance of normal distinct vision, and looking toward Q light 
will enter the eye from Q just as it would have come from an 
object placed at that point, and accordingly the inverted image 
of the arrow will be seen. 



898. Construction .of Images. A simple geometrical con- 
struction will give tke size and position of the image in any case, 
for it is only necessary to trace two rays from any foint in the 
object to find by their intersection the position of the corresponding 
point of the image. Suppose it is required to find the size and 
position of the image of the arrow at P formed by the convergent 
lens L whose principal foci are at F and P' (Fig. 530) . Since the 
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si%e as well as the position of the image is desired, we will choose a 
point P' not on the axis of the lens and trace two rays. One 
parallel to the axis must after refraction by the lens pass through 
the principal focus F. Another ray through the center of the 
lens O is undeviated, and where these two meet at Q' is the image 
of the point P'. Since the image of P must be formed at Q, the 



length of the object PP' is to the length of the image QQ' in the same 
proportion as iheir distances from the lens. 

By a similar construction the size and position of the image 
formed by a divergent lens may be found, as in figure 531, where 
F is the principal focus of 
the lens L. A ray from P' 
approaching the lens parallel 
to the axis is refracted up as 
if it came from the principal 
focus P, while the second ray 
through the center is un- 
deviated. The two rays after emerging from the lens diverge 
as if from the point Qj which is therefore the virtual image of 
the point P' . 

The relative size of object and image is, as before, the ratio 
of their distances from the lens. 

894. Thick Lenses. It was shown by Gauf;s that for thick lenses or 
for a combination of lenses there are two principoi planes perpendicular to 
the axis such that rays on one side of the lens which are directed toward any 
point such as A (Fig. 533) in one plane will on emergence be directed as if 
from the opposite point A' on the other plane, and the points HE' (known as 
principal points) where these planes meet the axis have the additional prop- 
erty that rays directed toward H emerge in a parallel direction from H' . 
The principal focus F on one side is just as far from H as the other focus F' 
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Fig. 532 
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is from H'. This distance from either principal focus to the corresponding 
principal plane is called the focal length of the lens. If p and q are the dis- 
tances of object and image, also measured from H and II' respectivei}^, the 
simple formula 

holds just as in case of thin lenses for all pencils of light that are hut slightly 
oblique to the axis. 

The graphic construction of images, using the principal planes, is precisely 
similar to that explained above in § 893 for thin lenses, except that II'Q' is to 



be drawn parallel to P'H instead of simply prolonging P'H. If the planes 
All and A'H' are made to coincide, the construction is that for a thin lens, 
895 . Defects of Images Formed by Lenses. Besides the curvature 
of the image which is noticed when the object has large angular dimensions 



Fig. 534. Spherical aberration 

as seen from the lens, there are other defects in the images formed by lenses 
which tax the skill of the optician to overcome. 

Almost aU lenses have spherical surfaces and are subject to a defect called 
spherical aberration. One kind of spherical aberration is that rays from a 
given point which are refracted on different portions of the lens do hot meet 
accurately at a single focus, the rays refracted by the outer portions of the 
lens coming to a focus nearer the lens than those passing through its central 
region as indicated in figure 534. Another kind of spherical aberration is 
that a pencil of rays from a point, passing obliquely through the lens, be- 
comes astigmatic and converges through two focal lines instead of coming to 
a single point. These defects cause a lack of clearness and sharpness in 
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the images formed. They are most serious when the diameter of the lens 
is a large fraction of its focal length. 

The colors observed at the edges of images formed by lenses are due to 
the fact that ordinary lenses refract blue light more strongly than red 
light. This defect, known as chromatic aberration, will be discussed later 
(§ 902). 

PROBLEMS 

1. How deep is a tank of water which appears to be 4 ft. deep to a 
person looking vertically down into it? 

2. An incandescent lamp is placed 6 ft. below the surface of a pond. 
Show why only a fractional part of the light can escape directly from the 
water. 

3. If a beam of light has 50,000 light waves to the inch in air, how many 
to the inch will there be after it has entered water? 

4. Find the velocity of light in water if the critical angle at the surface 
between water and air is 48° 30'. 

6. When the index of refraction of water is 1.33 and that of carbon 
bisulphide is 1.67, what is the critical angle between water and carbon 
bisulphide? 

6. The object-glass of the Yerkes telescope is a convergent lens 40 in. 
in diameter and having a focal length of 62 ft. What is the size of the sun’s 
image formed by it? What effect has the size of the lens on the size of 
the image? Assume that the sun’s disc subtends an angle of 31' 14.1". 

7. An incandescent lamp is 30 cms. from a convergent lens of 10 cms. 
focal length. Find the position and relative size of the image; is it real or 
virtual? 

8. A candle is placed 1 meter from a divergent lens having a focal 
length of 1 meter. Where is the image formed and what is its size? Make 
a construction illustrating the case. 

9. A lamp and a screen are 10 ft. apart. Where must a convergent lens 
of 2 ft. focal length be placed so as to form an image of the lamp on the 
screen? Show that there are two solutions and find the relative size of 
the image in each case. 

10. A beam of sunlight falls on a divergent lens of focal length 10 in.; 
20 in. beyond this lens is placed a convergent lens of 15 in, focal length. 
Find where a screen should be placed to receive the final image of the sun. 

11. A convergent lens, focal length 10 in., is placed 12 in. from a gas flame ; 
then 36 in. beyond the first lens is placed a divergent lens of focal length 
16 in. Find the position and size of the final image; is it real or virtual? 

12. A certain lens when placed 10 cms. from an object, forms a virtual 
image 5 times as large as the object. What kind of lens is used and what 
is its focal length? 
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13. What must be the focal length of spectacle lenses so that a man who 
can see distinctly objects 2 meters distant without the glasses can read 
print at 40 cms. distance with them, and what kind of lenses must be used? 

Note: The strength of spectacle lenses is expressed in diopters and is 
the reciprocal of the focal length expressed in meters. 

14. A person, who without glasses cannot see distinctly objects more 
than 12 cms. from the eye, wishes glasses to enable him to see clearly distant 
objects. What must be the kind used and their focal length and strength 
in diopters? 


Dispersion 

(^9^ Dispersion of Light by a Prism. When a narrow beam 
of sunlight passes through a prism, the light is not only )^nt 
aside or deviated^ it is also dispersed or spread out into a colored 
band called the spectrum. 

Sir Isaac Newton placed a second prism (Fig. 535) in the 
spectrum so that light of only one color might fall on it. This 



light was refracted on passing through the second prism, but 
there was no further change in color, showing that the prism 
itself did not produce the different colors, but simply separated 
the various kinds of light already present in the beam of sunlight. 
The separation is effected because the various colored lights are 
differently refracted by the prism, the red being refracted least 
and the violet most. 

897. Cause of Dispersion. Since the bending of the rays 
by a prism depends only on the angle of the prism and the index 
of refraction of the substance of which it is made, it follows that 
the index of refraction of the prism must be different for each 
kind of light in the spectrum^ being least for the red which is 
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least refracted and greatest for the violet which is most strongly- 
refracted. 

Of course the interpretation of this fact is that red light must pass 
through the substance of the prism with greater velocity than violet 
light. It will be shown later that the physical difference between 
one kind of light and another lies in their wave lengths. These 
vary from one end of the spectrum to the other, the longest waves 
being at the red end of the spectrum while the shortest are at 
the violet end. 

It appears, therefore, that shorter waves of light are more 
retarded in passing through glass than longer ones. 

Dispersive Power. When two prisms of different SljfD*- 
stances have such angles that each produces the same deviation 



for yellow light, or light in the middle of the spectrum, the angu- 
lar widths of the two spectra produced will usually not be the 
same, but are proportional to what are called the dispersive 
powers of the substances. The dispersive powers of some sub- 
stances are as follows: 


Water 0.042 

Carbon bisulphide 0 . 145 

Crown glass 0 . 043 

Flint glass 0.061 


Thus for an equal bending of the mean rays, carbon bisulphide 
will produce a spectrum times as long as that produced by 
crown glass and 2| times as long as one formed by flint 
glass. 
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Calculation of Dispersive Power. We have seen that the index 
of reaction of a substance depends on the kind of light. The following 
table gives three indices of refraction for each of four substances. The 
indices given in the first column are for light near the extreme red end of 
the spectrum, those in the second are for the yellow sodium light, while 
those in the third are for light near the violet end of the spectrum. These 
points in the spectrum correspond to three dark lines in the sun spectrum 
designated A, D, and H by Fraunhofer (§ 932). 


INDICES OF REFRACTION 


Substance 




- 1 

- ' n.A 

Water at 16° C 

1.330 

1 . 334 

1 . 344 

0.334 

0 . 014 

Carbon bisulphide at 10° C. . . 

1.616 

1 . 635 

1.70S 

0.635 

0 . 092 

A kind of crown glass 

1 . 528 

1 . 534 

1 . 551 

0.534 

0.023 

A kind of flint glass 

1.578 

1 . 587 

1.614 

0.587 

0.036 


The next to the last column in the above table shows the relative deviations 
of yellow sodium light caused by prisms of the different substances all having 
the same small angle. Thus it appears that a prism of carbon bisulphide 
will cause nearly twice as great a deviation as a prism of water of the same 
angle, if the angles of the prism are small. 

In the last column are given the differences between the indices of refrac- 
tion for red and violet lights, which represent the relative nngular.sjvifths 
of the spectra produced by prisms of the various substances haiiag ikejfiue 
small angle. The spectrum formed by a thin prism of carbon bisulphide 
is therefore about 6-| times as long as that formed by a similar prism of 
water. 

To obtain the relative dispersive powers given in the previous paragraph 
the figures in the last column must be divided by those in the next to the last. 


R 

Y 

V 


Fig. 537. Dispersion without bending the mean i*ay 

900. Direct-vision Prism. In consequence of the fact that 
the dispersive powers of substances differ it is possible to so 
combine two prisms of different substances as to produce dis- 
persion without deviation of the mean ray, or to produce devia- 
tion without dispersion. 

For example, if a prism of crown glass and one of flint glass 
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are taken whose angles are small, and in the ratio 0.587 to 0.534, 
respectively, they will each deviate the Z) line of the spectrum 
by the same amount (see table § 899), but the spectrum formed 
by the flint prism will be longer than that formed by the crown 
in the ratio of 0.061 to 0.043 (§ 898). If, therefore, the two are 



Fig. 538. Amici prism 


placed with their edges oppositely directed, as shown in figure 
537, the deviation of one will be balanced by that of the other 
for the D line or yellow light of the spectrum, but as the dis- 
persive power of the flint is greater than, that of the crown there 
will still be a spectrum formed with the violet toward the base 
of the flint and the red toward its edge. 

Such a combination is known as a direct-vision prism. By 
using two prisms of flint combined with three of crown of suitable 
angles, as shown in figure 538, a very large dispersion may be 
produced with no deviation of the middle part of the spectrum. 

Achromatism. It is, however, of much more practical 
importance to produce deviation without dispersion. To obtain 
this result two prisms of crown and flint glass may be com- 
bined whose angles are in the ratio 0.036 to 0.023 or inversely 
as the ratio of the angular width of their spectra given in the 
last column of the table in § 899. Two such prisms will give 



Fig. 539. Ray bent without dispersion 


spectra of the same angular width, but the deviation by the 
crown-glass prism will be greater than that by the flint. If 
the two are now placed together so as to act oppositely, as 
shown in figure 539, the beam of light will be deviated toward 
the base of the crown-glass prism, but there will be no dispersion, 
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since in this respect the two balance each other. Such a prism 
is called achromatic. 

Achromatic Lens. If sunlight passes through an ordi- 
nary convergent lens made of a single piece of glass, it may 
easily be shown, by interposing successively a red glass and a 
blue glass, that the focus for red light is at a greater distance 
from the lens than that for blue light. For every little portion 
of the lens acts as a prism bending light toward the axis and 
at the same time dispersing it. With such a lens there is no 
point at which a sharp image of an object will be formed by 
ordinary white light. All points in the image will be blurred 



Fig. 540. Different foci for violet and red rays 


and all lines of separation between light and dark portions of 
the image will be colored. 

This serious defect may be remedied by combining a con- 
vergent lens of crown glass with a divergent lens of flint, as shown 



Convergent Divergent 


in figure 541, to form a convergent 
achromatic lens; or if the crown-glass 
lens is divergent and the flint conver- 
gent, a divergent achromatic lens may 
be formed. In either case the curva- 
tures must be so chosen that each 
little portion of the combination 
through which a ray passes will act 


Fig, 541 . Achromatic lenses ^i^e an achromatic prism as explained 

in the previous paragraph. 


In case the two component lenses are in contact * and their 


curvatures are not great, achromatism will be produced if the 


* It is common in small lenses to cement together the two lenses of an achro- 
matic combination with Canada balsam in order to prevent loss of light by re- 
jection from the inner surfaces. 
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focal length of the crown-glass lens is to that of the flint in the same 
proportion as their dispersive powers (§ 898 ). 

If the ratio of the dispersive powers of two kinds of glass, such 
as flint and crown, were the same in all parts of the spectrum, 
a perfectly achromatic lens could be formed in this way, but 
unfortunately this is not the case with ordinary glasses, so that 
the image formed even by an achromatic lens shows some re- 
sidual color.* Lenses intended for visual observation are made 
so as to bring as nearly as possible to one focus the orange, yellow, 
and green rays which form the brightest part of the spectrum; 
while for photographic purposes the lens must be achromatic for 
the violet and ultraviolet rays which are most strongly actinic 
or active on a photographic fflm. 

903 - Ordinary and Anomalous Dispersion. In most substances the 
shorter the wave length the more strongly the light is retarded or refracted. 

Indices of Refraction ^ indices of Refraction 



B C D E f G G H B C 

flint Glass Sjpectrqjn Fuohsin Spectrum 

Fig. 542. Dispersion curves 


This is called ordinary or normal dispersion. But many substances exhibit 
what is called anomalous dispersion, especially such as absorb very strongly 
light of some particular wave lengths while transmitting comparatively 
freely those waves which are slightly longer or shorter than the ones ab- 
sorbed. Figure 542 shows the normal dispersion curve of flint glass in 
which the index of refraction increases as wave lengths decrease. But the 
curve for fuchsin shows that when sunlight is dispersed by a prism of this 
substance the middle part of the spectrum including green is wanting, be- 
ing completely absorbed, while red and orange, which in normal dispersion 

* Certain kinds of glass are now made at Jena from which compound lenses are 
made which give images almost free from residual color. 
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would be less refracted than blue, are so much more strongly refracted that 
they are beyond even the extreme violet. This substance thus illustrates 
the general law first stated by Kundt, that the ejject of selective absorption 
is to increase the velocity of those light waves which are somewhat shorter than 
the ones most strongly absorbed and to retard light of greater wave length. 

For an interesting discussion of anomalous dispersion, see Edser, Light 
for Students. 

904 . Rainbow. When parallel rays of light fall on a spherical drop of 
water, some of the light is refracted into the drop, suffers reflection at the 
opposite surface, and is then refracted out again. The direction in which it 

finally comes from the drop depends on the 
point where it entered. A ray a failing on 
the center at A is reflected back on its path, 
while b just above the center will be refracted 
as shown at h'. Rays meeting the drop 
farther from A are still further inclixied 
downward on emergence, until we come to a 
group of rays, efg, meeting the surfaces at 
B, which have the maximum, downward 
direction as shown at e'f'g'\ rays beyond B 
are again turned upward as shown at A' and 
k'. The pencil of rays refracted at B do not 
scatter on leaving the drop, but emerge as a nearly parallel beam in the 
direction CD. If the eye is so placed as to receive this beam the drop will 
appear very bright, while if the eye is above the line CD the drop will 
appear but faintly illuminated in consequence of the scattering of the 
emergent rays, but if the point of sight is below the line CT>, the di'op will 
appear dark, for no light at all is sent in such a direction. 

The angle AOD between the bright beam CD and the original direction 
AO depends on the index of refraction of the drop, and varies with the wave 
length, .being about 42° for red light and 40° for violet. 

In consequence of this, drops of dew seen in bright sunlight at the proper 
angle may appear. as brilliant jewels colored red, yellow, green, or blue. 
In such a case it will be found that a slight change in position of the eye 
may cause a red drop to change to green or blue. 

The formation of the primary rainbow may now be readily understood 
from figure 544. Let ABCD represent drops in the air all illuminated by 
the sun’s rays from S. From each drop there will emerge a bright parallel 
pencil of red light in the direction R making an angle of 42° with S, and a 
bright violet pencil V making an angle of 40° with 5, the intermediate colors 
of the spectrum being between these extremes. An observer, therefore, 
whose eye is at F, will receive red light from the drop B and violet from, the 
drop C and intermediate colors from drops between them. If the diagram 
is now conceived to be rotated about the line NES, joining the eye and the 
sun, it is clear that every drop on the circle whose radius is BN^ which is 
described by the motion of the drop B, will send red light to the eye, while all 
drops on the circle described by the motion of C will send violet light to the 



Fig. 543. Refraction in 
rain drop 
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eye. In this way a colored circular band wiU be seen whose angular radius 
is between 40° and 42°. 

It will be observed also that the drop A does not send any light at all to 
the eye at E, while scattered rays of all colors come from the drop D, The 
region, therefore, above the primary rainbow appears dark, while that within 



Fig. 544. Primary rainbow 


it is bright, and the red of the bow is nearly pure, while the violet is mixed 
with scattered rays of other colors and fades out into white. 

906 . Secondary Rainbow. For those rays that suffer two reflections 
inside a rain drop there is also a certain direction in which the emergent 



Fig. 545. Secondary rainbow 


rays are parallel, and therefore the light in that direction is particularly 
intense. 

A colored bow will, therefore, be produced as shown in figure 545, the 
pmgular radius of the red being 51° while that of the violet is 54°. The sky 
within this bow and between it and the primary bow will be dark while 
outside of it beyond the violet the sky wiU be bright with scattered light. 
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906, Supernumerary Bows. The bows caused by more than two 
internal reflections cannot be seen. A second and even a third band of 
red may, however, be occasionally seen in the violet region of the primary 
bow. These are called supernumerary bows and are diffraction phenomena 
(§ 963). Their explanation is given in more advanced treatises, such as 
Preston’s Theory of Light 


Optical Instruments 

907. Optical Instruments. There are two general classes of 
optical instruments, those which form a real image on a screen, 
as in case of the photographic camera and projection lantern 
(magic lantern), and those intended for direct eye observation 
in which the image formed is virtual. To the latter class belong 
the magnifying glass, microscope, and telescope. 

To obtain a clear conception of the action of an optical appa-- 
ratus it is desirable to study the effect of the instrument upon 
two pencils of light, starting from different points in the object 
and traced through to the corresponding points in the image. One 
pencil should be as oblique as can pass through the instrument. 

908. Photographic Camera. In the simplest form of photo- 
graphic camera a single convergent lens forms a real image of a 
distant object on the sensitive plate. A diaphragm placed 
close to the lens limits the size of the pencil of light. The quick’- 
ness of a photographic lens or the brightness of the image will 
be proportional to A, the area of the diaphragm opening, and 
inversely proportional to the area of the image over which the 
light is spread. But the linear dimensions of the image are 
proportional to /, the focal length of the lens, and so the area of 
the image is proportional to ff. Hence, other things being 

equal, it is the ratio ~ which determines the time of exposure. 

Figure 546 represents a symmetrical or rectilinear lens 
consisting of two similar achromatic lenses, symmetrically 
placed, and having the diaphragm half-way between them. It 
will be observed that in this case the oblique pencil passes as 
much below the center of the front lens as above the center 
of the back lens, so that the beam is as much bent by one as 
by the other and emerges parallel to the incident pencil. This 
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tends to cause straight lines in the object to be reproduced as 
straight lines in the image. 

909. Distortion of Images. The image of a grating with equal square 
openings may be distorted in either of the two modes shown in figure 547. 
The first or barrel-shaped distortion is seen when the center of the image 
is magnified relatively more than the outer portions, while the other form 



of distortion is caused by the greater relative magnification of the parts 
away from the center. 

Either of these modes of distortion may be produced in projecting the 
image of the grating with the same lens, the form of distortion being deter- 
mined by the mode of illumination. For let G (Fig. 548) be the grating and 
L the lens, then if the grating is illuminated by a beam of nearly parallel 



light, as direct sunlight, the light from the upper part of the grating will 
pass through the upper edge of the lens L, and being bent down too strongly 
in consequence of the spherical aberration of the lens (§ 895) will come to 
focus at P farther from the center than P' and will thus cause the distortion 
shown in the second diagram of figure 547. If, on the other hand, by means 
of a convergent lens the illuminating beam of light is converged so strongly 
that rays from the top of G are refracted by the bottom of the lens L, as 
shown in figure 549, the focus P will be too near the center and the distortion 
will be barrel-shaped. 




LIGHT 


642 

It is clear that the least spherical aberration and distortion will be secured 
when the illuminating lens converges the light toward the center of the lens L, as 
shown in the diagram of the magic lantern, figure 550. 

It is this same kind of spherical aberration which causes barrel-shaped 
distortion in the photographic image when the diaphragm is placed (outside) 



Fig. 548. Parallel illumination. Pin-cushion-shaped distortion 


in front of the lens; while if the diaphragm is behind the lens the opposite 
form of distortion results. 

910. Projecting Lantern. The optical system of the magic 
lantern^ stereopticon^ or projecting lantern is shown in figure 550. 



It consists simply of a front lens or objective L which forms a 
real image of the slide S on the screen at S' \ and an illuminating 
system which consists of the source of light at E and the con- 
densing lens C which converges the light through the slide S 
toward the center of the lens £. 

Since the screen S' is usually at a considerable distance, the 
distance from the slide S to the lens L is nearly the focal length 
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of the lens or lens combination. So that the width of the image 
on the screen is to the width of the slide as the distance of the 
screen is to the focal length of the front lens L. Hence when 
the lantern is to be at a great distance from the screen a long- 
focus front lens should be used to prevent the image from being 
too large and dim. 

The front lens is usually a combination of two lenses to secure 
flatness of field and freedom from color and distortion. The 
condensing lens consists of two plano-convex lenses with their 



convex surfaces almost touching. If the upper portions of the 
two condensing lenses are thought of as prisms, it will be noticed 
that with this construction each is nearly in the position of mini- 
mum deviation for the pencil of light passing through it; for the 
incident and emergent pencils make somewhat nearly equal an- 
gles with the two surfaces of each of the two lenses. Such an 
arrangement makes the spherical and chromatic aberration very 
much less than if the lenses had been placed with their flat faces 
together, which would make practically a single double-convex 
lens. 

911. Projecting Microscope. For the projecting of micro- 
scopic objects the lens L must have a very short focal length to 
secure the requisite magnification. The object must also be in- 
tensely illuminated and so a second short focus condensing lens 
C' is introduced which converges the light from £ to a bright 
focus at the slide 5 which is to be illuminated. To diminish 
the heat of the focus at 5, which might ruin the slide, a tank of 
water 3 or 4 in. thick is introduced between C and C', Water 
absorbs strongly the very energetic radiations whose wave lengths 
are too long to affect the eye, though the visible radiation or 
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light is not sensibly weakened. An ordinary microscope may 
be used in this way for projection either with or without the 
eye-piece by turning the instrument into the horizontal position 



and converging a beam of sunlight on the slide 5 by a convergent 
lens of 8 or 10 in. focal length. 

912. The Eye. The human eye is nearly spherical in shape, 
having an outer wall of firm textured substance of which the 
transparent front is known as the cornea. Immediately back of 
the cornea is the iris^ a variously colored membrane, having a 
round opening in its center called the pupil. The pupil contracts 
in bright light and dilates in the dark, the iris acting as a dia- 
phragm to regulate the light admitted to the eye. Back of the 
pupil is the crystalline lens, of rather dense transparent tissue 
formed in layers and densest at the center. The space between 

the crystalline lens and the 
cornea is filled with a clear 
watery substance, the aqueous 
humor ^ while the main interior 
cavity back of the crystalline 
lens is filled with a transparent 
jelly-like substance, the vitreous 
humor. At the back of the eye, 
forming the inner coating of the 
outer wall, is the retina^ a highly 
organized black membrane the 
surface of which is covered with minute structures called rods 
and cones in which the fibers of the optic nerve terminate. 

Rays from external objects are focused on the retina by the 
action of the crystalline lens and other refracting portions of the 
eye. An image is formed on the retina just as the image in a 
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photographic camera is formed on the plate, and each portion 
of the retina thus receives a stimulus exactly corresponding to 
the illumination of the particular part of an external object 
which has its image at that point, and this stimulus of the optic 
nerve causes the corresponding sensation of brightness and color. 

Of course the image formed on the retina is inverted, but we 
do not see the image inverted; there is simply a correspondence 
between the retina and external directions, such that when light 
falls on a spot on the retina it excites a sensation which we de- 
scribe by saying that it is bright in the corresponding direction. 

At the center of the retina and just opposite the pupil and 
crystalline lens is a spot where the retina is much more highly 
developed than elsewhere, and to see objects distinctly their 
images must be formed on that spot. If the eye is directed at 
a particular point on a printed page only the words close to that 
point are seen distinctly. 

Where the optic nerve enters there is a blind spot in the retina. 
To verify this, make a small black spot on a sheet of white 
paper and covering the left eye look with the right eye at a point 
about one-fourth as far to the left of the spot as the latter is dis- 
tant from the eye and the spot will disappear. 

913. Accommodation. A normal eye can change its focus 
or accommodate so as to form on the retina a distinct image either 
of distant objects or of those as near as about 8 in. This is 
brought about by muscles attached to the crystalline lens by 
which it is made flatter for distant objects and more convex for 
nearer ones. 

914. Short and Far Sight. When the lens of the eye is too 
convex, objects at ordinary distances are focused in front of the 
retina, so that the image on the retina itself is out of focus and 
blurred. In such a case objects can be seen distinctly only if held 
very near the eye, and the person is said to be ^fer^-sighted, or 
myopic. 

If, on the other hand, the lens of the eye is too flat the image 
of a near object will be formed back of the retina, so that indistinct 
vision results. In such a case it may be that only distant objects 
can be seen distinctly or it may not be possible to see distinctly 
at any distance, and the person is said to be presbyopic, or far- 
sighted. 
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915. Spectacles. If the lens of the eye is too convex as in 
case of short sight, a divergent lens may be used to correct the 
defect, while if the lens of the eye is too flat, as in far sight, a 
convergent lens must be used. 

916. Astigmatism. An eye is said to be astigmatic when a 
point of light, as a star, is seen as a short bright line, the di- 
rection of which is called the axis of astigmatism. In case of 
astigmatism all the lines in such a diagram as figure 553 will not 
appear equally distinct, but those in 
the direction of the axis of astigmatism 
will be sharply defined while those at 
right angles to them will appear broad- 
ened and blurred. This defect is caused 
by the lens of the eye having ellipsoidal 
instead of spherical surfaces and is cor- 
rected by the use of cylindrical lenses. 

917. Distance of Distinct Vision. 

The nearer an object is brought to the 
eye the larger will be the dimensions of 
its image on the retina and the more detail will be brought out, 
provided it is not brought so near that the eye cannot properly 
focus the image. 

A distance of about 10 in. or 25 cms. is the normal distance of 
most distinct vision. 

918. Magnifying Glass. A convergent lens produces a virtual 
and enlarged image of any object placed slightly nearer to the 



Fig. 554 


lens than its principal focus. In the diagram it will be seen that 
light from each point of the object 0 after passing through the 
lens L comes to the eye as if it had come from the image I. The 
object is therefore seen enlarged or magnified. 
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In using a magnifying glass the eye should he placed close to 
the lens as at E and the object then be brought up until its image is 
seen distinctly^ for in that case the rays from all parts of the 
object come to the eye through the central part of the lens^ and 
are subject to the least spherical and chromatic aberration; 
whereas if the eye were placed at E' rays coming to the eye from 
the point of the arrow would be refracted near the edge of the 
lens and consequently there would be distortion of the image as 
well as other aberrations. 

The angular dimension of the image as seen by the eye placed 
at E close to the lens is practically the same whether the image is 
formed at I or E or at a still greater distance. Therefore the 
apparent size of the image and consequently the magnification is 
substantially unchanged. 

The magnifying power of the lens is the ratio of the length 
of the image /, formed at the distance of distinct vision to 
the length of the object O; for in order to see the object distinctly 
without the lens it must be placed at the distance D from the eye. 

To determine the magnifying power, let / represent the focal 
length of the lens and let p and D represent the distances from the 
lens of O and /, respectively, then by definition the magnifying 

power of the lens = — 

but 

I 

0~ p 


and from the general lens formula (§ 888) we have 

1 _ 1 _ 1 

p D~ f 


Multiplying through by 


D this becomes 

^ = 1 + ^. 

p f 


therefore the magnifying power of a lens = 1 + y where D is 

the distance of most distinct vision and / is the focal length of 
the lens. 
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919. Compound Microscope. For the highest magnification 
the compound microscope is used, the optical system of which 
is shown in figure 555. The object O to be magnified is placed 
just outside the focus of the short-focus lens A, called the objective^ 
which forms a real image at I. Back of this image is placed a 
magnifying glass at a distance slightly less than its focal length 
so that it forms a virtual image of / at I' which may be seen by 
the eye at E, 

Since O is nearly at the principal focus of the lens A, the 
image I will be as many times greater than the object O as the 



distance .4 / is greater than the focal length of A . The distance 
4/ in an ordinary microscope is about 150 mm., so that if the fo- 
cal length of the objective is 5 mm. the image I will be SO times as 
large as the object, and if the eye-piece or lens B has a magnify- 
ing power 10, the power of the combination is 30 X 10 = 300 
diameters. 

Many microscopes have a “ draw tube ” by which the distance 
between the objective and eye-piece may be increased. The 
effect of this is to increase the magnifying power of the instrument 
in the same ratio. 

Eye-pieces and Micrometer. The eye-f iecc or ocular of a micro- 
scope usually consists of a combination of two lenses instead of the simple 
lens B shown in the previous diagram. Two forms are in use. One of these, 
the Huygens or negative eye-piece, consists of two convergent lenses, a field 
lens F and eye lens E, whose focal lengths are in the ratio 3 to 1, and the 
distance between them is twice the shorter focal length. It is equivalent 
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to a single lens whose focal length is Ij times that of the eye lens, but it 
has the advantage of being partially achromatic if both lenses are made 
of the same kind of glass, and gives less distortion and aberration than a 
single lens. 

In this eye-piece the rays from the objective must fall on the field lens 
before coming to a focus at /, as shown in the figure. 

For rough measurements this eye-piece may be provided with a scale 



Fig. 556. Huygens^ or negative eye-piece. Focal length = 1| 

ruled on glass, known as an eye-piece micrometer, which is fixed between the 
two lenses so that it coincides with the image formed by F. 

But for more exact measurements the microscope is provided with a 
micrometer (in which a cross-hair is moved by a screw having a graduated 
head) placed at I where the image is formed by the objective, and the eye 
lens must be placed back of this point so as to magnify image and cross- 
hairs together. 

For this purpose the Ramsden or positive eye-piece is used. This form 
of ocular consists of two convergent lenses, a field lens and an eye lens 



Fig. 557. Ramsden’s or positive eye-piece. Focal length = f 

of equal focal length, the distance between them being two-thirds of the focal 
length, of either lens. This eye-piece is placed back of the image I j^jst as 
though a single lens were used. It is equivalent to a single lens whose focal 
length is that of its component lenses, and is called positive because it 
can be used, like an ordinary simple magnifying glass, to magnify any 
small object. It is nearly achromatic and may give a flat field with little 
aberration. 
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921. Microscope Objectives. The object-glass of a microscope usually 
consists of a nearly hemispherical front lens of crown glass with its flat 
face outward, having one or more achromatic combinations mounted back 
of it as shown in the figure. The curvatures of the lenses and their dis- 
tances apart are calculated so as to give an image as free from aberration 
as possible. High powers are corrected for a particular tube length and 
thickness of cover-glass, and to obtain the best results 
these conditions must be satisfied. If between the front 
lens of the objective and the cover-glass a drop of oil is 
introduced having the same index of refraction as the 
glass, it is as though the object were imbedded in the 
glass of the front lens. In this way loss of light by reflec- 
tion from the glass surfaces is avoided, no correction for 
the thickness of the cover-glass is required, and the bright- 
ness and deliniteness of the final image are increased. 
But to secure these results the objective must be especially 
designed for this use. Such objectives are known as oil 
or homogeneous immersion lenses, and may have as short 
a focal length as or in. 

922. Numerical Aperture. The size of the pencil of 
light transmitted through the microscope from a single point of the object • 
has an important influence on the defining power (§ 969). The ratio of the 
radius of the largest cross section of such a pencil to the focal length of the 
objective is known as its numerical aperture^ and, other things being equal, 
the resolving power of an objective is proportional to its numerical aperture. 

923. Telescopes. In telescopes a convergent lens, known as 
the object-glass, or a concave mirror, is used to form a real image 
of a distant object, and this image is then magnified by a suitable 
eye-piece. Since the object is distant the image is formed at the 
principal focus of the object-glass or • mirror, and consequently 
to have a large image and great magnifying power the object- 
glass must have long focal length. There are three kinds of 
refracting telescopes, Galileo^s, the astronomical, and the terres- 
trial forms. 

924. Galileo’s Telescope. In Galileo's telescope a concave 
or divergent lens is used as the eye-piece. This lens is placed so 
that rays from the object-glass meet it before forming the image I 
as shown in the figure. If the distance from X to J is slightly 
greater than the focal length / of the eye lens, rays approaching 
the point of the image at I will be bent upward and made to 
diverge as if from V. An enlarged virtual image is thus formed 
which may be seen if the eye is placed so as to receive the emer- 



Fig. 558 
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gent pencil. It will be observed, however, that the pencils of 
light from all points in the object come to the eye as if intersecting 
at S, so that it is as though the virtual image were seen through 
a small opening at 5 which restricts the field of view, only so 
much being seen in any one position of the eye as is in line with the 
eye and 5*. The smallness of the field of view is the great defect 
in this form of telescope and causes its use to be restricted to low- 
power instruments^ such as the ordinary opera-glass. Its advan- 



tages are that it is shorter than the other forms of telescope and 
gives an erect image of the distant object. 

925 . The Astronomical Telescope. In this instrument the 
eye-piece is a convergent lens, or an equivalent Huygens or Rams- 
den eye-piece as in the microscope (§920). The eye lens, as 
shown in the diagram, is placed nearly its own focal length back 
of the image at I formed by the object-glass, so that a virtual 
enlarged image of I is formed at It will be noted that the 
pencil of rays from the lower part of the distant object comes to 
the eye as if from the upper part of the image at I'. In this 
instrument, then, the image is inverted, and it is therefore used 
chiefly for astronomical observation. The various pencils of 
rays coming to the eye from different points in the virtual im- 
age all intersect at 5, forming a bright spot known as the eye 
spot. If the pupil of the eye is held at this point all parts of the 
virtual image can be seen simultaneously, and the field of view is 
large, being limited only by the size of the lens L, 

926 . Magnifying Power of a Telescope. The semi-diameter 
of the distant object as it would be seen without the telescope 
subtends the angle COB or lOD (Fig. 560) where CO is a ray 
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coming from the middle of the object and J50 is a ray from its 
edge; while the angle subtended by the corresponding part of the 
image seen in the telescope is I'SD or ILD. The magnifying 
power of the instrument is therefore the ratio 

tan I LD 
tanlOD 


Since OD is equal to F, the focal length of the object-glass, and 
DL is nearly equal to /, the focal length of the eye lens, we have 

and tan ILD == 

^ J 

tan ILD __ F 
tan lOD f 


tan lOD == 


therefore 


or the magnifying power of an astronomical telescope is cqnal to 
the number of times that the focal length of the eye-piece is con- 
tained in the focal length of the object-glass. 



It may also be shown that the magnifying power is the ratio of 
the diameter of the object-glass to the diameter of the eye-spot 
for the latter is the image of the object-glass formed by the lens X, 
It will be shown later (§ 969) that the defining power of a 
telescope is proportional to the diameter of the object-glass, 
supposing it to be perfect. 

Hence for detecting close double stars or for investigating 
minute details on the surface of sun or planet where high powers 
must be used, it is necessary to employ a telescope of large 
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aperture. Large lenses are used also on account of their light- 
gathering power in observing faint objects, such as nebulae. 

927. Terrestrial Telescope. To obtain a large field of view 
and at the same time an erect image of distant objects the terres- 
trial telescope is used. 

This instrument is like the astronomical telescope except that 
there are two additional convergent lenses, E and E' , introduced 



between the object-glass 0 and the eye lens L as shown in the 
diagram. These lenses invert the image /, forming another 
real image at I' with the point of the arrow downward as in the 
distant object- This image is magnified by the eye-piece at L, 
which forms the enlarged erect virtual image I" . In the ordinary 
spy-glass the lens L is replaced by a Huygens eye-piece, making 
four lenses in all besides the object-glass. 

At a diaphragm is introduced having a hole in the center just 
large enough to transmit the pencils of light which intersect at 

t 


Fig. 562 . Path of rays in prism binocular 

that point. This serves to stop any stray light which may be 
reflected from the sides of the tube. 

928. Prism Binoculars. Field glasses which combine high 
magnifying power and large field of view are now made according 
to the plan shown in figure 562. 

The beam of light from the object-glass enters a right-angled 
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glass prism and after two internal reflections, at A and is 
completely reversed in direction and travels back to a second 
prism, placed at right angles to the first, where it is again totally 
reflected, at C and Z>, and turned back again toward the eye 
lens E, 

The reflections in the two prisms secure an erect image without 
using the reversing lenses of the ordinary terrestrial telescope; for 
one prism interchanges the two sides of the image, while the other 
makes it upright, thus restoring it completely to its natural 
position. 

Also, on account of the length of the path of the rays from the 
object-glass to the eye lens, the focal length of the object-glass 
may be three times as great as in the ordinary field glass, and the 
magnifying power correspondingly increased. 

929. Reflecting Telescopes. Instead of the object-glass of 
a telescope, a long-focus concave mirror may be used. The 
arrangement shown in figure 563 was used in Sir William 



HerscheFs great telescope, the mirror M being slightly inclined so 
that the eye-piece and the observer’s head were not in the line 
of the rays falling in the mirror. In small reflecting tele- 
scopes the rays converging toward the image I may be reflected 
out sideways to the eye-piece by a small mirror placed directly 
in front of the large mirror, as was done by Newton. To obtain 
a perfect image free from spherical aberration the mirror must be 
parabolic instead of spherical. A mirror has the advantage of 
forming an image free from chromatic aberration since all wave 
lengths of light are reflected alike. 
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A telescope mirror is called a speculum^ and may be made of an alloy 
called speculum metal which takes a fine polish and does not readily tarnish. 
Specula are now, however, usually made of glass, as this is harder and less 
dense than speculum metal. The surface is ground and polished to the 
required shape and then silvered. 

PROBLEMS 

1. What is the magnifying power of a simple convergent lens of focal 
length 5 cms.? Take 25 cms. as distance of most distinct vision. 

2. What is the magnifying power of an astronomical telescope in which 
the focal length of the object-glass is 12 ft., while that of the eye-piece is 
1.5 in.? 

3. A compound microscope has an objective of 1 in. focus, the first image 
is formed 5 in. back of the objective and is magnified by an ocular of 2 in. 
equivalent focus. Find the magnifying power of the combination. 

4. When a telescope is pointed at the sun, how should the eye-piece be 
placed to give a real image of the sun on a screen fixed back of the tele- 
scope? In this case is the image formed by an astronomical telescope erect 
or inverted? 

6. In^a projection apparatus it is desired that the pictures shall be 10 ft. 
wide on a screen 40 ft. distant, when the slides are 3 in. wide. What must 
be the focal length of the projecting lens used? 

6. By means of a microscope objective, a scale having 50 lines to the 
millimeter is projected upon a screen 9 meters distant, and the distance 
between the lines in the image on the screen is 4 cms. What is the focal 
length of the objective used? 

7. A certain binocular field glass has a power 8 and diameter of objective 
25 mm. while another of power 6 has an objective 21 mm. in diameter. 
Which will give the brighter image and in what ratio? 

REFERENCE 

J. T. Taylor: Optics of Photography, 


Analysis of Light 

The Spectrum 

930. The Spectrum. It has been seen that when light passes 
through a prism it is spread out in a colored band shading from 
red to violet and called the spectrum, showing that a beam of 
white light is complex and made up of different kinds of light 
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which are separated by the prism in consequence of their differ- 
ent refrangibilities. These lights also differ in the color sensa- 
tions which they excite, the least refrangible being the red rays 
while the most refrangible are the violet. 

It will be shown later that the physical property which deter- 
mines the refrangibility of a ray of light is wave length; so that 
in forming a spectrum we are really spreading out the light in the 
order of ivave lengths^ the longest waves being at the red end of the 
spectrum and the shortest at the violet end. 

931. Pure Spectrum. To obtain a complete analysis of light 
there must be no overlapping of different kinds, but each must 



be separated by the prism from every other. To accomplish 
this the following arrangement may be employed. 

The light to be examined enters through a narrow slit 5, 
which is parallel to the edge of the prism and therefore perpen- 
dicular to the plane of the paper in the diagram. A converging 
lens L is so placed that it would bring the light to focus and 
form at S' an image of the slit if the prism were not interposed. 
By the action of the prism, however, the light is refracted down- 
ward and if there were only one kind of light present the whole 
beam would be equally refracted and the bright image of the 
slit would be formed at R, say, instead of at S\ but without any 
change in color. If, however, there were in the original beam 
two kinds of light which were differently refracted, there 
would then be formed two images of the slit, one at R and one at 
B. And since light waves that are refracted differently also act 
differently upon the eye, the images at R and B will be of differ- 
ent colors. But if the original beam contained waves of every 
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conceivable degree of refrangibility within certain limits, there 
would be an infinite number of images of the slit with no sepa- 
ration between them and even overlapping, producing a con- 
tinuous band of color, shading from one extreme to the other. 
When the slit is narrow so that the amount of overlapping is 
small the spectrum is said to be pure, 

932. Fraunhofer Lines. When the sun spectrum is formed 
as above described, using a narrow slit so as to produce a pure 
spectrum, a large number of dark lines are observed which cross 
the spectrum parallel to the slit, showing that sunlight does not 


E b 


HK 


500 


700 


600 


400 


Red 


Orange Yellow Green 


Blue 


Violet 


Fig. 565. Fraunhofer lines. The wave lengths are given in millionths 

of a millimeter 


contain all kinds of light, but that certain wave lengths are 
lacking, and consequently no bright images of the slit are formed 
at the corresponding points of the spectrum. These dark lines 
characteristic of sunlight were first carefully studied by Fraun- 
hofer and are known as the Fraunhofer lines. Some of the most 
prominent of them are designated by letters of the alphabet, and 
furnish convenient points of reference in the spectrum, the 
A line being almost at the limit of visibility in the red while the 
H line is near the extreme violet. 

933. Analysis of Light by Spectroscope. For the more exact 
analysis of the light from any source a spectroscope is used. 
The main features of this instrument are indicated in figure 566. 
Light from the source to be studied enters the narrow slit S 
at the focus of the collimating lens, diverges through that lens 
and then passes as a parallel beam to the prism P where it is 
refracted and dispersed. After passing the prism the beam enters 
the telescope and forms a sharply defined spectrum at the princi- 
pal focus of the object-glass of the telescope, a separate image of 
the slit being formed by each wave length of light present. This 
spectrum is magnified by the eye-piece of the telescope. 
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An illuminated scale is also sometimes mounted so that light 
from the scale, reflected at the second face of the prism, enters 
the telescope and forms an image of the scale along with the 



spectrum at RV. The observer can by this means locate a 
definite line in the spectrum by its position on the scale. 

To compare the spectra from two separate sources a com- 
parison prism is sometimes used. This is a small total reflecting 
prism covering one-half of the length of the slit. Light from one 
source enters the spectroscope directly through the uncovered 
half of the slit, while the other source is so placed that its light 
is reflected by the prism through the other half of the slit. The 
two spectra are formed side by side as shown in figure 567, 


Fig. 567. Diagram of a carbon band below; the upper spectrum has 
also lines due to other substances 

the wave lengths of lines that match in the two spectra being 
the same. 

To secure greater dispersion than can be obtained with a 
single prism a train of several prisms may be used, so placed that 
the light passes through them in succession before entering the 
telescope. 
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934. The Complete Spectrum. Instead of observing the 
spectrum by the eye, it may be received on a photographic 
plate and photographed. When this is done it is found that there 
are rays beyond the violet light of the visible spectrum and still 
shorter in wave length, which act on the photographic plate but 
are invisible to the eye. These rays are called ultra violet light. 

Another mode of examining the spectrum is by means of a 
delicate thermopile or bolometer by which the heating effect 
of the rays at each point in the spectrum may be determined. 
Professor Langley perfected an apparatus of this sort in which 



Fig. 568. Energy spectrum, after Langley. Curve showing distribution 
of energy in the sun spectrum, plotted by wave lengths in millionths of 
a millimeter 


the bolometer filament was carried along by clockwork from 
one end of the spectrum to the other, while at the same time a 
beam of light reflected from the mirror of the galvanometer fell 
on a moving strip of sensitized paper recording the deflection 
of the galvanometer for every point in the spectrum. A curve 
obtained in this way showing the heating effect of different parts 
of the sun spectrum is shown in figure 568. 

Such a study shows that beyond the red end of the sun spec- 
trum there is an invisible region where the radiation has great 
energy or heating power. This region is known as the infra red, 
and its waves are longer than those of the visible red. The 
shaded area in the diagram represents the distribution of energy 
in the visible spectrum. 

If a plate of clear glass is held between the face and an open 
fire the warmth of the radiation is greatly cut off, though the 
visible radiation is almost completely transmitted. The change 
is due to the power of glass to absorb the infrared radiation. 
When the spectrum of fire light is taken by a bolometer first 
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directly and then through a pane of glass a comparison of the 
two curves shows just what wave lengths are absorbed by the 
glass. 

There is no reason to suppose that the infra red or ultra violet 
light is di^'erent except in wave length from ordinary visible light. 
The luminous body is to be thought of as giving out waves of 
different lengths from the extreme infra red to the extreme 
ultra violet; all of these waves have energy and consequently 
have heating effect, but only certain wave lengths can affect the 
eye. The luminous effect of the part called the visible spectrum 
is due to a peculiar response which waves of certain frequencies 
excite in the eye and which we call the sensation of light. The 
photographic effect of certain waves also depends on the respon- 
siveness of the substances acted on, to waves of a special fre- 
quency of vibration. 

The earlier writers speak of heat rays, luminous rays and 
chemical or actinic rays as though there were three different 
kinds of radiation. In the use of these terms care should be 
taken to guard against such a misconception. 

935. Absorption in Spectroscopes. A glass prism absorbs 
strongly long radiation beyond the visible spectrum and also the 
shorter waves in the ultra violet. Hence to study the energy 
spectrum in the infra red a prism of rock salt, fluorspar, or sylvite 
must be used. 

Of these sylvite transmits waves up to 0.025 mm. in length, 
while the range of rock salt and fluorite is somewhat less, 
0.020 mm. being the limit with the former and 0.011 mm. with 
the latter. For very long waves, more than 0.050 mm, in 
length, quartz is transparent, though it absorbs strongly the 
shorter wave lengths transmitted by rock salt and sylvite. 

In the study of the short waves in the ultra violet part of the 
spectrum quartz prisms and lenses are used. But the shortest 
waves are so strongly absorbed by air that they can be detected 
and studied only when the apparatus is in a vacuum. In this 
way Lyman and Schroeder have photographed light waves 
shorter than 0.0001 mm. 

936. Kinds of Spectra. There are three different kinds of 
spectra: continuous j bright-line , and absorption spectra. 

A continuous spectrum contains all wave lengths between 
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certain limits, and if visible appears to the eye as a continuous 
band of color shading from one end to the other. Hot solids and 
liquids give rise to continuous spectra. 

Bright-line spectra are obtained when the source of light gives 
out only certain definite wave lengths. Each wave length gives 
a bright line in the spectrum, the intensity of which depends on 
the energy of the corresponding mode ^ of vibration. Gases and 
vapors when rendered incandescent by heat or by the electric 
discharge give bright-line spectra. 

These spectra are highly characteristic, every known substance 
having a different spectrum which depends to some extent on 
the method used to make it luminous. The investigation of 
substances having lines in their spectra that could not be 
attributed to any known element has led to the discovery of a 
number of new elements. The identification of substances by 
their spectra is known as spectrum analysis. 

A bsorption spectra are obtained when the light from some source 
which would give a continuous spectrum is made to pass through 
some absorbing medium and then analyzed by the spectroscope. 

Spectra due to absorption by solids or liquids usually show 
broad absorption bands shading off at both edges, while absorp- 
tion by gases and vapors gives rise to sharply defined black lines 
in the spectrum, showing that only certain special wave lengths 
are absorbed. The Fraunhofer lines in the sun spectrum are 
produced in this way. 

937. Production of Bright-line Spectra. If a loop of platinum 
wire is dipped into a solution of some salt of sodium, potassium, 
barium, lithium, or strontium, and is then held in a very hot 
non-luminous flame, like that of a Bunsen burner, the flame 
becomes colored, bright yellow in case of sodium, red by lithium 
and strontium, and violet by potassium; and when the colored 
light is examined by the spectroscope, the spectrum is found 
to consist of certain characteristic bright lines. Usually certain 
of these lines are particularly bright and prominent and deter- 
mine the characteristic color, but a higher temperature will 
often bring out others of less intensity. 

To obtain the spectra of substances such as iron, copper, zinc, 
etc., which volatilize only at very high temperatures, the electric 
arc may be used, the substance to be studied being introduced 
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into a cavity in the end of one of the carbons. In this case the 
spectrum of the carbon arc is also present and its lines must be 
distinguished from those due to the substance which is intro- 
duced. A better method is to obtain the arc between terminals of 
the pure metal which is to be studied, though there are 
practical difficulties in carrying this out. 

Still another .method of obtaining spectra of these 
substances is by the spark discharge between terminals 
made of the substance whose spectrum is to be de- 
termined. The sparks may be produced by an induction 
coil and intensified by the use of a Leyden jar [ having 
its inner coating connected to one terminal and its outer 
coating to the other. If the discharge is sufficiently 
intense, lines are observed which are characteristic of 
the substance of which the terminals are made. 

The spectrum obtained by volatilizing a substance 
in the electric arc is generally somewhat different from 
its spark spectrum. 

To study the spectrum of a gas it may be enclosed 
in a tube such as shown in figure 569, known as a 
Pliicker tube, and made to glow by sending the electric 
discharge from an induction coil between its two aluminum 
electrodes. The two bulbs at the ends containing the electrodes 
are connected by a capillary tube in which the discharge is con- 
centrated and intensely luminous. It is this capillary portion 
which is placed in front of the slit of the sx->ectroscope. 



Fig. 570. B group due to oxygen in the earth’s atmosphere. 
Sun spectrum 


938. Fluted Spectra. In some cases the si)ectrum presents 
the appearance of a series of shaded bands or Jlutings, well 
shown in the spectrum of nitrogen. But when examined with 
a spectroscope of high dispersive power these flutings are each 
seen to be made up of a regular series of bright lines crowded 
closely together near the bright edge of the fluting and at dis- 
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tances apart which increase regularly from the bright to the 
faint edge of the fluting, somewhat as shown in figure 570 which 
represents a remarkable group of lines in the red end of the sun’s 
spectrum, the B group due to oxygen in the earth’s atmosphere. 

939. Source of Light Waves. There is little doubt that the 
source of nearly all visible and ultraviolet violet light is within 
the atom itself although some of the long waves of the infra- 
red are of molecular origin. It was for many years believed by 
physicists that each vibration in the light spectrum was produced 
by a corresponding vibration of an electron within the atom. 
It can be shown according to Maxwell’s theory (§ 1006), that a 
vibrating electric charge should produce a train of electromag- 
netic waves of frequency equal to the frequency of vibration of the 
charge which produces them. The combined work of experimen- 
tal and mathematical physicists in the last ten years and more 
has shown that radiation from atoms is not produced by vibrating 
electrons but that light vibrations arise from certain energy 
changes within the atom and which differ for every different 
kind of atom. These energy shifts are a quantum phenomenon 
and have already been touched upon in § 801. The nature of 
radiation is more fully explained in the final chapter of this 
book entitled Radiation and the Quantum Theory.” The 
physical laws of the atomic processes involved in radiation are 
very different from those of classical physics to which we are 
accustomed in every-day life. The study and the explanation of 
the nature of radiation from atoms occupy many of the ablest 
physicists of the present day. 

The atomic energy shifts which produce light waves are 
chiefly excited either by molecular agitation of high temperature 
or by electrical excitation such as that produced in a Geissler 
tube or in an electrical spark, or by excitation from radiation. 

The different energy changes which produce the different 
spectrum lines are comparatively few for gases where the mole- 
cules are comparatively far apart, so that spectra consisting of 
separate lines are produced by them. For liquids and solids 
the molecules and atoms interfere with one another, which inter- 
ference results in such an enormous number of possible energy 
changes that a continuous spectrum is produced. 

Single atoms by themselves produce only certain lines each 
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time an energy change takes place. The complete spectrum of a 
radiating substance at a given temperature arises from enormous 
numbers of atoms, each emitting some one of the characteristic 
frequencies simultaneously, so that the total effect is the complete 
spectrum of that substance for that temperature. 

940. Explanation of Fraunhofer Lines. When the sun’s spec- 
trum and that of some elementary substance are photographed 
beside each other on the same plate it is found in many cases that 
the bright lines in the spectrum of the substance exactly match, 



line for line, certain of the dark Fraunhofer lines in the sun’s 
spectrum. For example, the two yellow sodium lines exactly 
coincide with the two D lines in the solar spectrum. 

The explanation of these dark lines in the solar spectrum was 
given by the German physicist, Kirchhoff, who showed that they 
might be caused by the absorption of light coming from the 
deeper layers of the sun in passing through the cooler vapors 
in the sun’s outer atmosphere, and announced the principle 
that a vapor or gas will absorb most powerfully light of the same 
wave lengths as the light which the same gas or vapor gives out 
when it is itself the source of radiation. This principle is illus- 
trated by the following experiment. Form a pure continuous 
spectrum as described in § 931, using as the source of light the 
glowing positive carbon of the electric arc, and volatilize a frag- 
ment of metallic sodium just below and close in front of the slit 
by means of an alcohol or Bunsen flame, or, better, put a frag- 
ment of metallic sodium in a little cavity in the lower carbon 
of the arc itself. The light from the arc passes through the dense 
cloud of sodium vapor and a dark line appears in the orange- 
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yellow of the spectrum, just where bright lines are found in the 
spectrum of sodium, showing that the waves absorbed are of the 
same wave length as those given out by glowing sodium vapor. 

The black line in this case is not strictly black as it is illumi- 
nated by the radiation from the sodium vapor, but this is so 
much less intense than the direct radiation from the arc that it 
appears black by contrast. It is clear, therefore, that to produce 
black absorption lines the absorbing vapor must be colder than 
the luminous source^ or at least its direct radiation must be less 
intense than that which it absorbs. 

Of course, in a steady state of things a mass of vapor in the 
atmosphere of the sun must he radiating just as much energy as 
it absorbs^ otherwise it would be growing hotter or colder; but 
the radiation which it absorbs comes to it mainly in one direction, 
while it radiates equally in every direction; therefore the radia- 
tion which it sends to the earth must be much less intense than 
that which it intercepts. 

941. Astronomical Spectroscopy. To examine the spectrum 
of a star or of a particular portion of the sun it is only necessary 
to form on the slit of a spectroscope an image of the object to be 
examined- For this purpose the eye-piece of the telescope is 
removed and a spectroscope is mounted so that its collimator is 
in line with the axis of the telescope and its slit at the principal 
focus of the object-glass. 

In stellar spectroscopy no slit is required since the image of a 
star is a mere point of light, and the spectra of neighboring stars 
may be simultaneously photographed on the same plate. But 
it is also a consequence of the smallness of the stellar image that 
the spectrum of a star is a mere line of light too narrow to show 
well the spectrum lines. The breadth of the spectra may be in- 
creased by using a cylindrical lens; or the motion of the telescope 
may be so regulated that the spectra shift slowly on the photo- 
graphic plate, at right angles to their lengths, so that each leaves 
a broad trace on the plate. 

942. Doppler^s Principle in Spectroscopy. Doppler’s prin- 
ciple, by which the apparent pitch of a sounding body is raised 
when it is moving toward the ear and lowered when it is reced- 
ing (§ 315), has also an important application in case of light 
waves. While a luminous body is moving toward the observer 
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more waves of light are received in one second than are actually- 
given out in that time, and consequently the wave lengths of the 
light received are shorter than if there were no motion. So also 
the motion of a luminous body away from the earth has the 
effect of increasing the length of the waves which are received 
from it. 

Since the position of each line in the spectrum depends only 
on its wave length, it is evident that if a body giving a bright- 
line spectrum were moving toward the earth, every line in its 
spectrum would be shifted a little toward the blue end of the 
spectrum, while if it were moving away from the earth its lines 
would be slightly displaced toward the red. From the amount 
of the displacement the velocity of the source relative to the earth 
may readily be determined. 

It has sometimes happened in examining the spectra of sun 
spots that when the image of a sun spot was formed on the slit 
of the spectroscope a part of the spot where there was a strong 
uprush of glowing gas has fallen on one part of the slit while a 
region of less disturbance has fallen on another part of it. In 
such a case a line in the spectrum due to this gas shows a curious 
twist or distortion, being displaced more toward the blue at one 
point than at another. Displacements pointing to a velocity of 
uprush of hydrogen gas as great as 400 kms. per second were 
observed in one instance by Young in the spectrum of solar 
prominences. 

This method has also been used to investigate the velocity of 
the sun’s rotation on its axis, for it is clear that in consequence 
of rotation one edge of the sun in its equatorial region is moving 
away from us while the opposite edge is moving toward us with 
an equal velocity. 

A very interesting application of Doppler’s principle is illus- 
trated in figure 572, which shows part of the spectrum of the 
star Beta Aurigas. This spectrum at times shows single lines as 
in the upper figure, but once in every two days these widen out 
and separate into two, ^^as is well shown by the calcium line near 
the middle of the lower diagram. The two great hydrogen lines 
on either side of it are too wide and too fuzzy to be separated; 
but the one on the left in the lower figure (which must have 
been printed very much more lightly than the other by some 
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screening process) shows that at the core it is really double, 
too.” 

This is precisely the kind of spectrum which would be given 
by the light from two stars of nearly equal brightness, revolving 
around their common center of gravity and having their com- 
mon orbit turned somewhat edgewise toward the earth. At cer- 
tain times one star is coming toward us while the other is moving 
away from us and lines in the spectrum of the one are displaced 
toward the violet end of the spectrum while those in the spectrum 




Fig. 572. Spectrum of the star Beta Aurigse. The lines in the lower 
spectrum are double by Doppler’s principle. Photo by Prof. E. C. 
Pickering 

of the' other are displaced toward the red, so that at such times 
each line is double. When the two stars are moving sidewise, 
say one toward the right and the other toward the left, there is 
no displacement of the spectra and the lines coincide. Evi- 
dently this change takes place twice in each complete period of 
revolution. It is therefore concluded that the two stars make 
1 revolution in their orbit in 'four days. 

From the amount of the displacement of the lines the maxi- 
mum relative velocity of the two in the line of sight is found to 
be 140 miles per second. This indicates an orbital velocity of 
not less than 70 miles per second; and this combined with the 
period of revolution shows that the orbit is at least 7 | million 
miles in diameter. 

And now if we assume that the law of gravitation is the same 
for the stars as we know it to be in our solar system, and if we 

* Prof. Henry Norris Russell: Scieniijic American^ Sept. 3, 1910. 
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further assume that the two stars have equal masses, since they 
are equally bright, we may apply the formulas of § 164 and find 
that each star has twice the mass of our sun. 

All of these facts have thus been obtained by the spectroscope, 
although the distance between the two stars is '' probably at 
most scarcely one-fiftieth as much as that of the closest pairs 
which can be seen double in our greatest telescope/^ * 

943. Motion of Stars in Line of Sight. If the spectrum of a 
star shows lines which agree exactly with the spectrum lines of 
some known substance, such as hydrogen or iron, except that all 
are displaced slightly toward the red or blue, it is inferred that 
the lines are due to that substance and that the displacement is 
caused by the motion of the star either away from or toward the 
earth. 

When it is found that most of the stars in a certain region of 
the heavens are approaching the earth and those in the opposite 
part of the sky are receding from the earth, it may be inferred 
that these apparent motions are probably due to the motion 
among the stars of our sun with its attendant earth and planets. 
In this way it has been concluded that our solar system is moving 
toward a point in the constellation Bootes about 25^^ north of 
Arcturus with a velocity that probably lies between 12 and 18 
kilometers per second. 


PROBLEMS 

1. A spectrum line having a wave length 656.30 is displaced in conse- 
quence of the motion of the star, the apparent wave length being 656.37. 
Find whether the earth and star are approaching or receding from each 
other and with what velocity. 

2. If a star is moving toward the earth with a velocity of 18 miles per sec., 
find the per cent of change in the wave lengths of its spectrum lines due 
to the motion. 


Colors of Bodies 

944. Colors of Bodies. The colors of natural objects are 
due either to light waves which they themselves emitj or to their 
power of reflecting or absorbing the light that falls upon them 

* Prof. Henry Norris Russell: Scieniific American, Sept. 3, 1910. 
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from some external source. The first class includes al] bodies 
that are self-luminous in consequence of : 

(a) high temperature, as in red-hot or white-hot bodies, 

Q)) chemical action, as in flames, 

(c) electric discharge, 

(d) stimulus of light from other sources, as in fluorescence and 
phosphorescence . 

The second class includes bodies whose colors are due either to : 

(a) selective absorption, as in colored glass, pigments, and most 
colored bodies; or 

(&) selective reflection, as in metals and bodies showing special 
luster. 

945. Luminous Bodies. The color of the light from any source 
is the average- effect of its radiation upon the eye; but the particular 
kind of radiation which causes the effect can be determined only by 
analyzing the light with a spectroscope. 

For example, a yellow gas flame is found to have in its spec- 
trum all kinds of light, but the blue and violet rays are relatively 
less intense than in sunlight. It is this weakness in the blue and 
violet which gives it a yellow color. On the other hand, the 
spectroscope shows that the sodium light or the yellow light 
obtained when a bit of common salt, previously fused, is held 
by a loop of platinum wire in the pale blue flame of a Bunsen 
burner is yellow for an entirely different reason; for the spec- 
trum of this light consists principally of two yellow lines so close 
together that they appear like one line in a spectroscope of low 
power. The light from this flame is therefore very nearly 
homogeneous and appears yellow because the only kind of light 
present is one that excites that color sensation and no other. 

946. Non-luminous Bodies. Non-luminous bodies show no 
color in the dark. They derive their color from the light by 
which they are illuminated. Let sunlight fall on a piece of col- 
ored glass or a vessel containing some strongly colored dye. 
The light reflected from the surface of the glass or solution 
shows no trace of color, indicating that such substances reflect 
all kinds of light equally. But light passing through the glass or 
colored solution is deeply colored and when examined by the 
spectroscope broad dark bands are seen in its spectrum, show- 
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ing- that certain constituents of sunlight have been strongly 
absorbed by the substance. 

Thus a dark blue cobalt glass transmits green, blue, and violet, 
but absorbs strongly yellow and orange and most of the red. The 
curve in figure 573 represents by its height the intensity, in dif- 
ferent parts of the spectrum, 
of light which has passed 
through a certain thickness 
of this kind of glass. Such 
absorption is called selective. 

947. Spectrophotometer. 
An instrument in which the 
spectra from two sources are 
formed side by side and with 
appliances so that the relative intensities of the two spectra can 
be determined for each point in the spectrum is known as a 
spectrophotometer. 

Such a curve as that shown in figure 573 is obtained by means 
of an instrument of this kind, the spectrum of direct sunlight 
being compared with that of sunlight which has passed through 
the colored substance. 

948. Absorption and Color of Powders. The most common 
cause of the color of bodies is absorption. A crystal of copper 
sulphate when seen by ordinary daylight appears blue because 
light coming to the eye through the crystal has lost the red and 
yellow rays by absorption. The light received by the eye is, 
however, not a pure blue, but is diluted with white light reflected 
from its surface. If the crystal is broken into smaller fragments 
the thickness of crystal through which the transmitted light 
passes before meeting a reflecting surface is smaller and there is 
accordingly less absorption and the blue color is not so marked. 
If the crystal is finely pulverized, the dry powder appears a pale 
whitish-blue, for light can penetrate only to an extremely small 
depth before being reflected and scattered by the surfaces of the 
tiny fragments. 

From the above considerations it is evident that all clear color- 
less substances, such as ice, glass, Iceland spar, etc., must make white 
powders, since they reflect and scatter the light from innumerable 
minute surfaces but absorb scarcely any of the visible ra3^s. 


Red - Orange -Vel/ow - Green - Blue- Violet 

Fig. 573. Spectrum of light transmitted 
by blue cobalt glass 
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The light reflected to the eye by such a powder is, therefore, of 
the same quality as that which falls upon it, and when illumi- 
nated by white light it appears white. 

949. Effect of Illumination. Except in case of self-luminous 
bodies, the color of a substance depends on the light by which it is 
illuminated. When a piece of red paper is held in the red of a 
bright spectrum it appears bright red, but when held in the 
yellow, green, or blue parts of the spectrum it appears black, 
for it can reflect red rays, but it absorbs the yellow, green and 
blue. So a blue paper may reflect the violet, blue and green, but 
will appear black in the red, orange, or yellow parts of the spec- 
trum, while a white paper reflects whatever color falls upon it. 

Two kinds of light that appear very much alike in color may 
yet have very different effects on the colors of bodies. For 
example, an ordinary gas flame gives out a yellowish light not 
very unlike the yellow sodium flame in appearance, and yet 
bright-colored objects or pieces of paper are seen in their various 
colors when illuminated by the gas flame, but all appear of one 
color, either brighter or darker yellow or black, when illuminated 
with the sodium flame. This is because the ordinary flame gives 
out all kinds of light waves from red to violet, while the sodium 
light is nearly homogeneous. The peculiar ghastly appearance of 
persons illuminated by a salted alcohol flame is due to this cause. 

The difference between colors seen by daylight and gaslight 
is because light from the blue end of the spectrum is relatively 
far more intense in the former than in the latter. 

950. Matched Colors. Two colors that appear alike by day- 
light may yet be due to very different kinds of light. When 
an object appears yellow it does not follow that it reflects only 
rays from the yellow part of the spectrum. It means simply 
that the stimulus given to the retina by the various kinds of 
rays coming from the object excites the same sensation as the 
yellow light of the spectrum. What particular waves cause the 
color can be determined only by dispersing the light and examin- 
ing its spectrum. 

Consequently two colors which match perfectly when seen by 
daylight may differ very much when illuminated by some 
artificial light. 

961. Mixed Pigments. When paints are mixed the resulting 
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color is not a mixture of the colors that each would give separately, 
but is due to the double absorption which light sujjers in the mixture. 
For instance, a solution of gamboge yellow absorbs all rays but 
yellow and green, while a solution of Prussian blue absorbs all but 
blue and green, a mixture of the two will therefore transmit only 
the green. 

952. Mixing Colors. To find the color that will be produced 
by a mixture or blending of colored lights, the lights to be mixed 

may be made to illuminate simulta- 
neously a white screen, or the color 
wheel may be employed. In this appa- 
ratus discs of colored paper, each slit 
from center to edge, and fitted to- 
gether so as to expose a sector of each 
color, are mounted on a spindle and 
rapidly rotated. If the speed of rota- 
tion is sufficient the disc appears of a 
uniform color which is the mixture of 
the different colors used. The pro- 
portional amounts of the several colors 
depends on the widths of the exposed 
sectors and may be changed by slip- 
ping the discs on each other. A larger 
and smaller disc may be mounted on 
the same spindle for comparison. 

The effect in this case depends on 
the persistence of the sensation for a 
very short time after the stimulus to the retina has ceased. The 
various colors give their stimuli in such rapid succession that 
the effect is a blended sensation. 

Newton found that a color disc painted in sectors to imitate 
the colors of the spectrum appeared grayish-white when rapidly 
rotated and could be matched with a black disc having a white 
sector, black being used to diminish the intensity of the white. 

Complementary Colors. Two colors which when combined 
produce white, are said to be complementary. By means of 
the color disc it is found that blue and yellow of the proper tints 
and intensities will make white, also green and red may be 
complementary. 



Fig. 574. Newton’s color 
disc 
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953. Metallic Luster. Metals owe their peculiar luster to their intense 
reflecting power. Polished silver reflects 90 per cent of the light that faUs 
upon it, while glass at perpendicular incidence reflects less than 5 per cent. 

Sunlight reflected from red or blue glass remains white, but when reflected 
from gold-leaf it is yellow. This shows that the reflection of light in case of 
some metals is selective^ some kinds of light being more strongly reflected 
than others. It is to this property that the colors of metals are due. 

The light transmitted through a thin film of gold-leaf is not yellow, but 
green. The yellow light which is reflected is that also for which the absorb- 
ing power of the metal is greatest. 

Some non-metallic substances also have the power of reflecting light like 
metals as is seen in the bronzy luster of aniline ink and in crystals of perman- 
ganate of potash. Such substances show strong selective absorption and 
anomalous dispersion, 

954. Fluorescence. When a strong beam of sunlight or light 
from the electric arc is sent through a block of glass colored 
with oxide of uranium the transmitted light is yellowish, showing 
that there has been absorption of the shorter wave lengths; but 
besides this the whole block of glass is seen to glow with a 
greenish light which seems to come from each point in the glass 
itself, making the whole block seem turbid and milky. This is 
called Jitiorescence, for the phenomenon is strongly marked in 
fluorspar. 

The subject was first carefully investigated by Sir George 
Stokes, who showed that fluorescence is really a kind of radiation 
from the molecules of the substance under the stimulus of the ab- 
sorbed light. Light is absorbed by the block of glass, and the 
energy of the absorbed waves, instead of appearing simply as heat, 
produces an excitation of the atoms, and the energy shifts during 
readjustment produce light waves from these atoms, some of the 
same frequency as that absorbed but also some of longer wave ;i 
length. Stokes announced the law that waves of fluorescent^ 
light cannot be shorter than the absorbed waves to which they are due. 
This law is a necessary consequence of the absorption and 
emission of light waves in quanta as explained briefly in the last 
chapter of this book. 

It will be noticed that the block of glass fluoresces most strongly 
near the side where the incident beam enters, for as the beam 
penetrates into the block it loses by absorption the very rays 
which are effective in causing fluorescence. 

The interposition of a piece of red glass in the path of the light 
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cuts off all fluorescence, while a blue cobalt glass scarcely weakens 
it at all, showing that the effect is due to the shorter wave 
lengths which are transmitted by the blue glass but suppressed 
by the red. 

Many substances show fluorescence, among others almost all 
mineral oils, especially the thick heavy oils, and crude petroleum, 
and even refined kerosene oil shows a delicate blue fluorescence 
in strong light. Some of the anilin substances are extremely 
fluorescent, notably fluorescein and eosin. Sulphate of quinine 
fluoresces a delicate blue as does also aesculin obtained from 
crushed horse-chestnut bark. 

A white card covered with a thick paste of sulphate of quinine 
moistened with dilute sulphuric acid will fluoresce strongly 
in the invisible rays of the spectrum beyond the violet, the so- 
called ultraviolet region. 

955 . Phosphorescence. When fluorescence persists after the 
illumination ceases the substance is said to be phosphorescent. 

By a special contrivance, called a phosphoroscope, Becquerel 
found that many substances, including paper, bone, and ivory, 
not usually known as phosphorescent, glow for a fraction of a 
second after the incident beam is cut off. 

The sulphides of calcium, barium, and strontium are strongly 
phosphorescent and the color of the phosphorescent light is 
greatly influenced by the presence of slight impurities. 

This kind of phosphorescence may be called physical to dis- 
tinguish it from the glow of decaying vegetables, of fire-fly and 
glow-worm, and of phosphorus itself, in which the light seems 
to be due to chemical changes. 

956 , Theory of Color Sensation. The Young-Helmholtz 
theory of color sensation proposed by Thomas Young and 
modified by Helmholtz assumes that light falling on any point 
in the central region of the retina where it is sensitive to colors, 
excites in general three primary color sensations, red, green, and 
blue, the resulting color sensation depending on the relative 
intensities of these three primary sensations. 

The sensation of red is found to be excited more or less by all 
wave lengths in the visible spectrum, but most strongly by the 
long waves, as shown in the left-hand curve of figure 575. So 
that if a person possessing only the red color sensibility and lack- 
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ing those of green and blue were to look at a bright spectrum it 
would appear to him red from one end to the other, but brightest 
where the wave lengths are long as shown in the curve marked 
red. So, too, the curve marked green may be taken as exhibiting 
the relative intensity of the green sensation excited by different 
wave lengths of light, while the third curve shows how the 
sensation of blue varies with the wave length. 

In the normal eye, possessing all three sensibilities, a given 
wave length of light excites all three sensations, the red pre- 
dominating in case of long waves, green when the waves are 



Fig. 575. Curves from Abney, showing variation of color sensation 
with wave length, according to the Young-Helmholtz theory 


shorter, and blue when they are shorter still, the intensity of 
each sensation being proportional to the height of its curve at 
the point corresponding to the given wave length. 

The sensation of white results when all three of the primary 
sensations are equally excited. 

What the three primary color sensations are, can be deter- 
mined only by the study of color-blind individuals. By such a 
study Koenig finds that the primary sensations are the red, green, 
and blue found in the spectrum at wave lengths, 671, 505, and 
470^tiU) respectively. By combining these three colors in proper 
rela.tive intensities any color of the spectrum may be produced. 

Helmholtz assumed that there were three kinds of nerve 
termini in the retina corresponding to the three primary sensa- 
tions of color, while Hering supposes certain substances in the 
retina whose transformations under the influence of light give 
rise to the various primary sensations. For a further discus- 
sion of theories of color vision the reader may consult A First 
Book in Psychology^ by Calkins, or the article Vision in 
Baldwin's Dictionary of Philosophy and Psychology. 
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Interference of Lights 

957. Introduction. Up to this point in our study the theory 
that light is a wave motion has been supported by the fact that 
the velocity of light is the same as that of electric waves and by 
the simple explanation which that theory affords of the phe- 
nomena of reflection and refraction. But we have not yet found 
any direct evidence of the existence in a beam of light of a regular 
periodic oscillatory motion such as is characteristic of all kinds 
of waves. We now come to some phenomena which point un- 
mistakably to just such a periodicity. 

958. Interference of Waves. Perhaps the most distinctive 
evidence of wave motion is afforded by the phenomena of 
interference. 

When two trains of waves come together having the same 
wave length and amplitude and traveling in nearly the same 
direction, there will be found points of rest or of very slight motion 
where the two systems of waves are in opposite phases and neutralize 
each other, and other points where the waves coming together in 
the same phase cause an amplitude of motion equal to the sum of 
the amplitudes of the component waves. 

The interference of water waves and sound waves has already 
been discussed (§ 332). 

959. Young’s Experiment. The interference of light waves 
was first shown by Thomas Young in 1801 by the method illus- 



Fig. 576. Young’s experiment showing interference 

trated in the diagram. In the path of a beam of sunlight shining 
through a minute pinhole at S, is placed a screen of tinfoil having 
two very small holes a and b close together. If light is now 
allowed to pass through only one of the openings, a round bright 
spot surrounded by faint dark and bright rings is formed on a 
screen at C. But if light passes through both openings, there 
is seen between the two bright spots and at right angles to their 
line of centers, a series of bright and dark bands, as shown in the 
lower part of figure 576. 



INTERFERENCE 


677 

The explanation of these bands will be understood by the add 
of figure 577. Waves from S set up waves at a and b which 
start out simultaneously in the same phase, the two sets of 
waves spreading out in the medium beyond, one set from a and 
one from b, as shown in the diagram. The central point c is 
equidistant from <x to 6, so that waves leaving a and b at the 
same instant meet at c in the same phase, reenforcing each other 
and making c a bright spot. But d is a half wave length farther 



Fig. 577. Diagram of interference of waves. Young’s experiment 


from b than from a, and consequently waves from a and b reach 
there in opposite phases and neutralize each other, making d 
a dark spot. In this way those points on the screen which are 
equidistant from a and &, or which are one, two, or more whole 
wave lengths farther from one opening than from the other will 
be bright, while points which are farther from one opening than 
thejjther by | or or 2|, etc., wave lengths, will be dark. 

FresneFs Interference Experiment. In order to show 
that the above explanation of the dark bands obtained by 
Young was correct and that they were really due to interference 
of waves, Fresnel devised a most ingenious modification of the 
experiment, by which he avoided any disturbance of the light 
that might be imagined to result from its passing through the 
small openings a and b. 

Waves of light from a narrow slit shown in section at S 
(Fig. 578) fell on two mirrors inclined to each other at 

a small angle so that light after reflection from M' diverged as if 
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from S', while that reflected from M" came as if from S". In 
this way two trains of waves were produced which gave bright 
bands at c, f, and g, where the waves of the two sets were in the 





Fig. 578. FresnePs interference experiment with mirrors 

same phase^ and intermediate dark bands, just as in Young’s 
e:meriment. 

Newton’s Rings and Colors of Thin Films. When a lens 
ha^^n^ a convex surface of very slight curvature is placed in con- 
tact with a fiat glass plate a thin film of air is enclosed between 
the two plates which increases in thickness from the central 
point of contact outward. If this film is examined in white 

light, holding the eye so as to receive 
light reflected from its surface, a num- 
ber of colored rings are seen surrounding 
the central point of contact of the lens 
and plate, each colored ring correspond- 
ing to a definite thickness of the air film. 

If illuminated with light of one wave 
length, as sodium light, the whole surface 
of the film is seen to be covered with 

Ecg. 579. Newton’s rings alternate dark and bright rings. When 
in sodium light light is used each ring is larger than the 

corresponding ring in case of blue light. 

The colored rings observed in white light are due to the super- 
position of the sets of rings of different sizes due to different 
wave lengths of light. 
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These bands are known as Newton's rings, for the experiment 
was devised by him to determine the thickness of film correspond- 
ing to a given color; for if the curvature of the lens surface is 
known, it is easy to calculate the thickness of the air film for -a 
ring of any given radius. The following table shows some results : 


THICKNESS OF FILM IN NEWTON’S RINGS 


Red light 

1st ring, 0.00017 mm. 1st ring, 

2d ring, 0.00051 mm. 2d ring, 

3d ring, 0 . OOOS5 mm. 3d ring. 


Blue light 

0.00012 mm. 
0 . 00036 mm. 
0.00060 mm. 


Difference, 0 . 00034 mm. 


Difference, 


0 . 00024 mm. 


In a similar way, if two perfectly fiat pieces of glass are laid 
one upon the other, touching at one edge and separated at the 
other by a thin strip of tinfoil, the wedge-shaped film of air 
formed between them shows alternate dark and bright bands 
in homogeneous light. These bands are straight and parallel 
to the edge of the wedge if the plates are flat, and the straightness 
of the bands affords a sensitive test of the flatness of the plates. 

The English physicist, Thomas Young, first showed that 
Newton's rings could be explained easily t ^ 

by the interference of light waves as \ \ /o 

follows: I 

Let a train of waves advance upon / 

a transparent film, and for simplicity 
suppose the incidence to be nearly per- 
pendicular, as shown by the arrow (Fig. 

580) . Each wave on meeting the surface 
is partly reflected and partly refracted. 

An advancing wave meeting the surface ^ 

tV ^ Fig. 580. Interference in 

at a IS m part reflected along ac. a r xn 
. - . r 1 ^ reflection from a film 

Another part of the same wave passes 

into the film at d, meets the second surface at b, and is in part re- 
flected to a, where it emerges along the direction ac. This por- 
tion of the wave will have had to cross the film twice and will 
therefore have fallen behind the part which was reflected directly 
at a, so that if the thickness of the film is one-quarter of the 
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wave length of the light waves in the film, waves from d will 
reach a one-half wave length behind the corresponding waves 
reflected at a, and may therefore be expected to interfere, 
causing the film to appear dark at a to an observer looking in 
the direction ca. At points where the thickness of the film is 
one-half a wave length each wave from d reflected at h will be a 
whole wave length behind the corresponding wave reflected at a 
and may therefore be expected to reenforce the next succeeding 
wave, and so the film should appear bright at such points. But 
experiment shows that exactly the reverse is true, for the central 
point of contact in Newton’s rings is dark by reflected light 
instead of being bright. 

Thomas Young showed that this discrepancy is due to a 
change of phase which takes place in the very act of reflection; for at 
one surface of the film, waves in a less refracting medium are 
reflected where they meet the more refracting one, while at the 
other surface, waves in the more refracting medium are reflected 
on meeting the less refracting one. These two reflections are 
opposite in kind, just as reflection in a stopped organ pipe is 
opposite to that in an open pipe (§ 349), and one changes the 
phase of the reflected light while the other does not. 

This opposition of phase brought about in reflection exactly 
reverses the conclusions reached above where merely the effect 
of the thickness of the film was considered, and consequently 
those parts of the film where the thickness is an odd number of 
quarter wave lengths appear bright by reflected light, 

. To test whether this explanation was correct, Dr. Young reflected light 
from a thin fllm of oil of sassafras between a lens of crown glass on one side, 
and a flint glass plate on the other. The index of refraction of the oil of 
sassafras is more than that of crown glass, but less than that of flint glass, 
so that the change in phase due to reflection was the same at each surface. 
It was found in this case that the central spot where the film was thinnest was 
bright by reflected light, while dark bands were observed where the thickness 
of the fllm was one-quarter of a wave length, three-quarters of a wave 
length, etc., thus confirming Young’s idea as to the cause of the reversal. 

The thickness of the film for red and blue rings given on 
page 679 therefore leads to the conclusion that the average wave 
length of the red light used was about 0.00068 mm., while that 
of the blue light was 0.00048 mm. 
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The colors of soap bubbles and of thin films of oil or tur- 
pentine on water are also explained in the same way. For in- 
stance, where the thickness of the film is equal to a half wave 
length of red light it will be nearly equal to three-quarters of 
a wave length of blue light. The former will therefore be 
destroyed by interference, while the latter will be reflected and 
the film will appear blue, 

A soap bubble does not show color unless it is very thin; for when the 
thickness of the film is, say, 0.0028 mm., it will be equal to 4 wave lengths 
of extreme red light and 6 wave lengths of extreme blue; these waves will 
be absent from the reflected beam because of interference, and also the waves 
whose lengths are such that in the thickness of the film there are included 
just 4|, 5, and Sj wave lengths, respectively; while light having wave 
lengths intermediate to these will be reflected from the film. The film in 
such a case appears white because the reflected light contains so many 
different wave lengths that the average effect is white. 

The intensely black spots seen in thin soap-bubble films by reflected light 
have been found by Reinold and Rucker to have a thickness of only about 
one-fiftieth of the wave length of sodium light, and appear black for the 
same reason that the central spot is black in Newton’s rings. 

962. Interference with Great Difference of Path. In case of thin 
films the interfering waves differ in path by only a few wave lengths. There 
are some cases, however, in which 
interference has been obtained when 
the difference in path is very great. 

A useful form of interferometer, 
as it is called, is that of Michelson, 
a diagram of which is shown in the 
figure. 

A plate of glass A , having plane 
parallel surfaces, is mounted in front 
of the mirror M in an oblique posi- 
tion so that light from the source L 
on meeting the second surface at 5 
is partly reflected to the mirror M 
and in part transmitted to a second 
mirror N which is at right angles to 
the first. The eye at E will therefore 
receive light from S which has been 
reflected at M, and also light from the same point which has been reflected 
at N, and when the adjustment of the instrument is correct, these two 
rays will interfere when they come together if the light, in going from S to 
M and back, has to pass over a distance which differs by an odd number of 
half wave lengths from the distance from S to N and back again. 

In order that the interference may be complete, the reflecting surface 



Fig. 581. Michelson’s interferometer 
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at 5 has a very thin coating of silver, just sufficient to make the reflected 
and transmitted beams of light equally intense. 

The mirror M is usually mounted so that its distance from S can be 
varied by means of a micrometer screw. The plate of glass B of the same 
thickness as A is mounted parallel to it, so that waves reflected at N have 
to pass through the same thickness of glass as those reflected at M. The 
interference bands in this case are circles, which expand and are succeeded 
by others, as the mirror M is moved away from 5. A motion of M through 
one-half of a wave length will cause a shift in the position of the interference 
bands equal to the distance between two successive bands. 

Using this method and employing light of one wave length from a Plucker 
tube (§ 937) containing mercury vapor, Michelson obtained interference 
bands when one path was longer than the other by 540,000 wave lengths. 

By counting the bands that pass when the mirror M is moved backward a 
certain distance by the screw, the number of wave lengths of light contained 
in that distance may be exactly determined. By a very ingenious extension 
of this method, which the student will find described in detail by Professor 
Michelson in iVaves and Their Uses,^ the length of the standard meter 
was determined by him in terms of wave lengths of light. The results 
obtained were 

f 1,553,163.6 waves of the red radiation from cadmium. 

1 meter = j 1,966,249.7 waves of the green radiation from cadmium. 

[ 2,083,372. 1 waves of the blue radiation from cadmium. 

all in air at 15° C. and normal pressure. 

Of these results Michelson says: ^Tt is worth noting that the fractions of 
a wave are important, because, while the absolute accuracy of this measure- 
ment may be roughly stated as about one part in two millions, the relative 
accuracy is much greater, and is probably about one part in twenty millions.’^ 

REFERENCES 
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Dipfraction 

Diffraction Bands Around Shadows. The observation 
hadows suggests that light is propagated in straight lines, 
i form which the shadow of an obstacle would have if this 
e the case is called the geometrical shadow; it is the projection 
he obstacle upon the screen by straight lines radiating from 
luminous source of a center. 


* XJniv. of Chicago Press. 
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Ordinary shadows are blurred at the edges because the angular 
magnitude of the source causes a penumbra. Hence to make an 
accurate comparison of a real shadow with the geometrical 
shadow the source of light should be a mere point. But when the 
experiment is tried, as, for example, when we examine closely 
the shadows cast by a moderately distant arc lamp, instead of 

finding a clear-cut boundary, the en- 

tire edge of the shadow is observed to be ^ '1 1 ; ■ : ! 

surrounded by a series of alternate dark | f : j 

and bright bands ^ parallel to the edge, I =iij =■' ■ . : 

very distinct next to the shadow and | j ' ' ■ ! ' 

gradually fading out into the fully | ' > | j !■ , ■ 

illuminated region. I 1 !■ ' ! ‘ ■ 

These bands were known at the | | ;; > 

time of Newton and were called dif- i = 'j;. j| . ■ . i 

fraction bands or fringes, because to | ‘ 'S ’• M | j ' 

explain them on the emission theory I lLlJ! L_ — I — LLj 

it was supposed that the luminous ' 

corpuscles were bent aside from their 

straight course as they shot by the / curve of intensity 

edge of the obstacle. f_ 

In the year 1816 a young French ^ , 

artillery officer, Joseph Fresnel, then ^ 

less than thirty years of age, presented The vertical line is the edge 
to the French Academy a memoir of the geometrical shadow 
which marked an epoch in the science 

of optics, for in it he showed that the varied phenomena of diffrac- 
tion are readily explained in every detail by the interference of 
light waves taken in connection with Huygens' principle, and 
without recourse to any additional hypothesis. 

Huygens’ Principle. Let there be a train of waves 
advancing in the direction OP whose crests are represented by 
the parallel lines on the left of figure 583, and let AB be a row of 
particles parallel to the wave front; then as the waves swee^by 
AB the particles are all set vibrating simultaneously and in the 
same phase. Now, each of these vibrating particles may be 
considered as a center of disturbance from which spherical waves 
spread out into the region beyond. Thus, if we choose, we may 
consider the vibration that is produced at the point P as due to 
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the combined effect of all these little elementary waves or wavelets 
whose centers lie in the line AB^just as though the line of particles 
AB was the actual source from which waves spread out. This is 
known as Huygens^ principle. Figure 186b shows an interesting 
illustration of Huygens’ principle for sound waves. 

965. Diffraction by a Narrow Slit. If sunlight shining through 
a narrow slit falls on a second narrow slit parallel with the first, 


A 



B 

Fig. 583. Huygens’ principle 


there will be seen on a white screen 
held back of it a central bright 
band and on each side alternate 
bright and dark bands, which 
widen out when the second slit is 
made narrower. The wave theory 
affords a simple explanation; for 
let 5 be the slit (looked down upon 
endwise) which is very narrow com- 
pared with its distance from the 
screen at bi (Fig. 584), and let AB 
represent the greatly magnified 
cross section of the slit in the plane 
of the paper. Then the ether 
particles ” lying in ACB are kept in 


vibration by the successive waves passing through the slit, 


and by Huygens’ principle these particles may be considered as 


the centers of wavelets which spread out in all directions and 



Fig. 584. Diffraction through narrow slit perpendicular to the plane 

of the paper 

produce the effects which are observed. Now, on account of the 
extreme narrowness of the slit, bi is practically equally distant 
from all points along the line AB^ and therefore the wavelets 
starting simultaneously at all points along AB reach bi in the 
same phase and so reenforce each other and make it a bright spot. 
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Just below hi there will be a point di which is a whole wave 
length farther from A than from B. Then di is a halfwsLve length 
farther from C than from B, and for every point between B and 
C there is another between C and A which is just a half wave 
length farther from di. Therefore the wavelets going to di from 
one-half of the slit will be exactly neutralized by wavelets from 
the other half, and di will therefore be a dark spot in consequence 
of this interference. In the same way the dark spot di above 
bi is explained. 

But a little beyond di there will be a point 62 which is 
wave lengths farther from A than B. In that case the wave 
front in the slit may be conceived as divided into three equal 
parts AD, DE, and EB, such that wavelets coming to 62 from 
AD have a half wave length farther to travel than from the 
corresponding point in DE. Therefore waves from these seg- 
ments interfere at b% while waves from the third segment will 
be effective and make 62 a bright spot, though much less bright 
than bi, since only one-third of the width of the slit is effective. 
Of course DE might be regarded as opposing EB, and in that 
case AD i'Sy effective. 

The same reasoning shows that there will be a dark spot 
where the difference in path from A and B amounts to 2 wave 
lengths and again a bright spot where the difference amounts to 
2| wave lengths. There will therefore be a series of alternate 
dark and bright spots on each side of bi as experiment shows. 

If the slit is made narrower the line AB is shorter, and con- 
sequently the point di, which is one wave length farther from 
A than from B is farther away from bi than before. Therefore 
the bands spread out as the slit is made narrower, and if it had 
a width of only one wave length or less, light would go out from 
it in every direction, though the intensity would be less in oblique 
directions in consequence of partial interference. 

966. Shadow of a Circular Obstacle. When Fresnel’s memoir 
was presented to the French Academy it was objected by 
Poisson that if his views were correct there should be a bright 
spot in the center of the shadow cast by a circular disc. Fresnel 
at once acknowledged the justice of the criticism and, making 
the experiment, found the bright spot, thus obtaining a triumph 
for the new theory. 
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The experiment may be made by fastening to a piece of plate glass a 
bicycle ball about -J- inch in diameter and observing its shadow as cast by 
a distant arc light at a distance of 8 or 10 ft. back of the obstacle; the 
central bright spot may readily be seen either by receiving the shadow on a 
card or by looking toward the object and viewing the shadow directly with 
a small pocket magnifier. Or the shadow may be received upon a sensitive 
film and photographed. 

The central spot is bright because it is equally distant from 
every part of the edge of the obstacle, and therefore wavelets 



Fig. 585. Shadow cast by small balls fastened to a fine wire 

coming from points just outside the edge around its whole cir- 
cumference come together m the same phase at that point. 

Similarly a bright line is found in the center of the shadow of 
a wire, since the central line is equidistant from the two edges 
and waves coming around the wire on both sides reach the 
central line in the same phase and therefore reenforce each 
other. (See figure 585.) 

The student should observe through a pocket rnagnifier the diffraction 
bands formed by the wires of a mosquito netting or screen of thin silk, 

% ^ 

% # 

^ mf m » m. 

i % 

0 % 

0 % 

Fig. 586 

standing a few feet from the screen and looking through it toward a distant 
arc light. 

967. Miscellaneous Diffraction Phenomena. In figure 586 
are shown at A the diffraction bands in the shadow of the pointed 
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end of a needle. It will be observed that there is a central 
bright band, broadest near the very point, while where the needle 
is thicker many line interference bands are seen in the shadow. 
This is shown in B which is the shadow of a somewhat thicker 
wire showing the many fine bands due to the interference of 
the waves coming around the two sides of the wire. At C is 
shown the diffraction pattern which may be seen by looking 
through the cloth of a silk umbrella toward an electric arc lamp. 

A small round obstacle gives rise to a series of diffraction 
rings, and where the rings due to a great number of fine particles 
are all of the same size and are superposed the effect may be 
very intense. This is the explanation of the coronas seen so often 
around the moon. They are brightest when the light from the 
moon comes through a region full of minute water particles 
nearly uniform in size. These coronal rings are larger the smaller 
the particles that cause them, and the average diameter of the 
water drops can be immediately calculated from the angular 
radius of the rings. 

Beautiful coronas may be seen on looking at an electric light or gas flame 
through a piece of glass coated with lycopodium powder, which is made up of 
minute discs of nearly uniform size. First breathe upon the glass, then pour 
some of the powder upon it and shake off the loose dust. 

968. Diffraction in Case of a Lens. In our study of lenses we saw 
that a lens transforms a wave of light coming from a distant point into a 



concave spherical wave which has its center at the focus toward which it 
converges. Thus the wave A'B' becomes concave, as at AB, and if the latter 
is perfectly spherical the lens is perfect. The geometrical theory of optics would 
lead us to infer that in that case the light would dll converge rigorously to the 
point F, but the wave theory shows that this cannot he so. 

To determine the effect at F of the wave A OB we must again have re- 
course to Huygens’ principle and consider the resultant effect as due to 
wavelets having their centers in the concave surface A OB. Clearly all will 
reach F in the same phase, since it is equidistant from all, hence F must be 
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a point of maximum brightness. A little below F there must be some point 
p which is on the average a half-wave length farther off from the upper half 
of the surface A OB than it is from the lower half. At that point waves from 
one half of the surface will interfere with those from the other half and 
produce complete darkness. But between p and F the interference is only 
partial and consequently the light intensity must shade off from F to p. 

Since the light is symmetrical about OF, 
there must be a little spot of light formed 
at the focus, having the distance Fp as its 
radius. The curve in figure 588 shows by 
its height how the intensity of the light in 
the focal spot varies from F to p, 

969 . Resolving Power of Optical In- 
struments. The fact that the focal spot 
has an appreciable size has a most impor- 
tant bearing on the resolving power of 
optical instruments, for w^hen a lens forms an image of any object each 
point in the object is represented by a little spot in the image, and the 
sharpness of definition in the image depends on the smallness of the focal 



spots. 

Now, it may be proved that the effective diameter of the focal spot, or 

1 XF 

diffraction image of a point, as it is called, is equal to ~ ? where X is the wave 

length of light, D is the diameter of the lens, and F is its focal length. Hence 
for a given focal length the focal spot wiU be smaller the larger the lens. 

The angular diameter of the focal spot is “ which is equal to 4.5" of arc 


when D = 1 inch. Therefore a telescope having a perfect object-glass 1 
inch in diameter will be just capable of resolving a double star whose com- 
ponents are 4.5" apart. For in that case the star images formed in the tele- 
scope will be two spots of light just touching each other. If the object-glass 
is 2 in. in diameter it may then be capable of resolving stars only 2.3" 
apart. Evidently no magnification by the eye-piece will increase the resolv- 
ing power as it will simply show two larger spots of light touching each other 
instead of two smaller ones. Helmholtz has shown that in consequence of 
the size of the focal spot it is impossible to have a microscope that will enable 
the eye to distinguish separate lines which are less than qqq of an inch 
apart, and even this limit can be reached only by oil-immersion lenses. 


Diffraction Grating. One of the most useful instru- 
ments for the formation of spectra and for the measurement of 
the length of light waves is the dijffraction grating, so called be- 
cause the first gratings made by Fraunhofer were veritable 
gratings made of fine parallel wires spaced at equal intervals. 
More accurate gratings are made by ruling with a diamond on 
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glass or on a polished mirror surface of speculum metal an im- 
mense number of parallel equidistant straight lines ^ and copies 
or replicas of these ruled gratings are made by photography or by 
direct impression on a plate of celluloid. 

The effect of such a grating, of the transparent sort, is shown 
in the figure below. At S is placed a narrow slit upon which is 
concentrated a beam of sunlight, the slit is supposed perpen- 
dicular to the plane of the paper so that its section is shown at 
5. In front of the slit is placed a lens L which forms a sharply 
defined image of the slit on the distant screen at O. If the grat- 
ing is now interposed as shown, with its bars or rulings parallel 
with the slit, there are seen upon the screen several spectra on 
each side of the central image, which are said to be of the first, 


R 

2nd order 
V 



Fig. 589. Spectra formed by diffraction grating 


second, or third order, etc., according to their distances from the 
center. These spectra have their violet ends toward the center 
and their lengths are nearly proportional to the numbers express- 
ing their orders. 

If the grating has only two or three bars to the millimeter 
the spectra will be very narrow, forming a group of bright bands 
on each side of the central image. But as the rulings are made 
closer together the spectra are longer and more spread out. 

Very perfect gratings were made by Professor Rowland, of 
Baltimore, on a ruling engine devised by him. In many of tBbse 
gratings 14,438 lines are ruled to the inch, or about 568 lines per 
millimeter. 

971. How Gratings Produce Spectra. Let the grating consist 
of a set of opaque bars, which are represented in cross section, 
greatly magnifi.ed, by the heavy lines in figure 590. 
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When a series of flat waves comes from the left, as shown by 
the arrows, the ether particles in the openings abCj etc., are simuh 
taneonsly set in vibration, and by Huygens’ principle each par- 
ticle is a center from which wavelets spread out in all directions 
into the region beyond. 

Now, if a convergent lens is placed in front of the grating as 
shown at L, a flat wave parallel with the grating will be converted 
by the lens into a concave wave converging upon its principal 
focus at O, the lens retarding the middle portion of the wave 
more than the edges, so that all parts reach O at the same instant. 
Therefore wavelets starting simultaneously from all the grating 



openings will by the effect of the lens reach O at the same time 
and in the same phase. The point O will therefore be bright 
whatever may be the wave length of the light. 

In the same way by the effect of the lens an oblique wave 
parallel to DEi is brought to focus at Pi on the line through the 
center of the lens and perpendicular to DEi. Therefore, in 
consequence of the lens it takes light equally long to reach Pi 
from any point whatever on PPi, and consequently wavelets 
from the grating that agree in phase on reaching PPi, will also 
agree in phase at Pi- 

Suppose that PPi is drawn through the edge of one grating 
space in such a direction that it is distant exactly one wave 
length from the corresponding edge of the next grating space, as 
shown in figure 591 where /e is supposed just equal to a wave 
length. Then a wavelet starting from a point in the opening a 
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will reach DEi at the same instant as the wavelet which started 
from the corresponding point in h just one complete period before, 
and the two wavelets will therefore reach DEi in the same phase. 
So also the wavelet reaching DEi, from the corresponding point 
in c will agree in phase with those from a and h, and thus as 
wavelets from all the openings reach DEi in the same phase they 



Fig. 591 Fig. 592 


will agree in phase at Pi, which will therefore be bright, and may 
be called the first order bright spot. 

Let us now consider a line DE^ (Fig. 592) so oblique that fe 
is equal to two whole wave lengths. Then again wavelets from 
corresponding points in all the openings will agree in phase on 
reaching DE% and consequently the point P 2 to which they are 
converged by the lens is a bright point. Thus on each side of 
the central spot at O there will be bright spots of the first, second, 
etc., orders. 

If the light were homogeneous or all of one wave length there 
would be only these bright spots, all of the same color; for in- 
stance, if the grating is illuminated with sodium light there 
will appear a central yellow band with narrow yellow bands on 
each side somewhat as shown in the upper row in figure 593. 
With a source giving out longer waves, as of red light, the bands 
would be farther apart; for the distance /e in figure 591 would 
be greater and hence the line DEi would be more inclined, making 
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the point Pi farther from the center. While if the waves were 
shorter the bands would be closer together, as shown at ViV^ 
in the third row of figure 593. Consequently when white light 
shines upon the grating, having all wave lengths present, each 
wave length produces a bright band at the appropriate dis- 
tance from the center, and therefore there results the spectra 
of the different orders represented in the lower part of the figure, 
the violet end of each order being toward the center, showing 

^ IT'irZPI; ZZZZ ZX~EZ zzz ZZX^ 


ft V R V 

2 /id order 7 sf order 
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Fig. 593- Formation of diffraction spectra 

that wave lengths increase from the violet toward the red end of 
thesRectrum. 

Effect of Removing Grating. If the grating is removed 
the side spectra all vanish, leaving only the central image at 0, 
^ For the wavelets which were cut out by the bars 

|\ of the grating now interfere with the wavelets 

|.A which formed the side spectra. This is easily seen 

^ consideration of figure 594. Let ac be drawn 
j \ from the edge of one grating space so that he, its 

Id distance from the corresponding edge of the next 

space, is one wave length, then be will be the direc- 
I tion in which the first order spectrum is formed. 

I Imagine the grating bar between a and b removed 

Fig. 594 ^^y proceed from all points 6»e- 

tween a and b. Let ^ be a point half-way between 
a and b, then ef is one-half a wave length, and corresponding to 
any point h between a and e there is a point g between e and b 
which is just a half wave length farther from ac. Waves therefore 
which start in the same phase from h and g must reach ac in 
opposite phases, and consequently light going out in the direc- 
tion he from points between e and h will be exactly interfered 
with and neutralized by light from points between e and a, and 
there will therefore be no first order spectrum. In a similar way 
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it may be shown that if the grating bars are removed there will 
be no side spectra of any order. 

973. Resolving Power of Grating. A grating should have a large 
number of bars and spaces for two reasons. First, the brightness of the 
diffraction spectra will be greater the larger the number of grating spaces. 
And, second, the power of a grating to give, a sharply defined spectrum is 
proportional to the total number of grating spaces, other things being 
equal. For let AB, figure 595, represent a grating of 1000 spaces, and let 
be so drawn that its distance from the first grating space next to A is 
one wave length, from the second space its distance is 
2 wave lengths, etc., from the 500th space at C its dis- 
tance is 500 wave lengths represented by CF, and from 
the 1000th space at B its distance BD is 1000 wave 
lengths. Wavelets from all the openings of the grat- 
ing therefore reach AD in the same phase and there- 
fore conspire to form the bright first order spectrum 
in the direction BF. But now suppose the direction 
of AD to be slightly changed so that BD =1001 wave 
lengths, then CF will equal 500 J wave lengths, and 
light from B and C will therefore reach AD in opposite 
phases; so also light from the next opening above B 
will reach AD in opposite phase to that from the next 
above C, and so on, light from the openings between 
B and C opposing that from the corresponding openings 
between C and A . There will therefore be no light of 
the given wave length in that direction. 

It thus appears that when BD is 1000 wave lengths 
there is a bright band of the first order in the direction FF, but this bright 
band must be exceedingly narrow, for so slight a change in direction of EF 
as will change BD to 1001 or to 999 wave lengths will take us beyond its 
limits. Hence the more lines there are in the grating the narrower will he the 
bright image due to any one wave length and the closer together two spectrum 
lines may he and yet be separately distinguishable. 

Measuri^ment of Wave Length of Light. Diffraction 
gratings afford one of the most convenient means of measuring 
the wave length of light. The grating may be mounted on a 
spectrometer j as shown in figure 596, so that light from the slit 5 
passes through the lens of the collimator and falls upon the 
grating at G in plane waves. The observer adjusts the telescope 
T so that the image of some line in the first order spectrum falls 
on the cross-hairs in the telescope. The telescope may then be 
moved into the position T shown by the dotted lines, so that the 
central bright image (Fig. 589) comes on the cross-hairs; then 


A 




LIGHT 


694 

the angle between these two positions of the telescope, which is 
read from the graduated circle, is the angle dee or x in the small 
diagram and this is equal to the angle bac. But the triangle ach 
is right-angled at b, and be is equal to the wave length X which is 
to be determined, while ae is known from the measurement of 
the grating and is called the grating space. Representing ac by 
s we have cb = ac sin a;, or 

X = 5 sin X, 

From this formula the wave length may be determined when 



Fig. 596. Measurement of wave lengths 


X has been measured as above described; since ^ is known from 

the relation ^ ? where n is the number of lines per millimeter 

n 

in the grating. 

976. Wave Lengths of Some Spectrum Lines. 

TABLE OF WAVE LENGTHS 


Lines in the Soear SrECTRUM 

Wavjc Lengths in 
Millionths oe a 
Millimeter 

Extreme limit of visible red. 

Fraunhofer’s 

A 

759.4 

Deep red. 

Fraunhofer’s 

B 

686.7 

Red hydrogen line. 

Fraunhofer’s 

C 

656.3 

Sodium lines. 

Fraunhofer’s ' 

Di 

589.6 

589.0 

Blue hydrogen line. 

Fraunhofer’s 

' 

486.1 

Nearly limit of visible violet rays. 

Fraunhofer’s j 

1 H 

IK 

396.9 

393.4 
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976. Concave Gratings. It was discovered by Rowland that 
when a grating is ruled on a polished concave mirror surface 
instead of on a fiat one very perfect diffraction spectra may be 
formed without the intervention of any lenses whatever. This 
was a capital discovery, for it was thus made possible to focus 
the spectra directly on a sensitive plate, and so obtain a photo- 
graphic map of the lines in the spectrum free from the errors 
and absorption that lenses introduce. 

The mode of mounting a concave grating is shown in fig- 
ure 597. Two rails A5 and SG are fixed at right angles to each , 



Fig. 597. Concave grating spectroscope 


other and a diagonal bar AG, having a length just equal to the 
radius of curvature of the grating, is. mounted on carriages at 
A and G so that G may be moved toward or away from 5 along 
one rail while A moves along the other. The grating is 
mounted on the diagonal bar at G facing toward the eye-piece 
or photographic plate holder which is attached to the other end 
of the bar at A. At 5 is the slit through which light falls on 
the grating G. The central bright image of the slit will be 
found in focus at O, on the circle of which AG is the diameter, 
and on each side of O the various orders of spectra are formed 
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in focus on the same circle. In the diagram it will be seen that 
the instrument is in position for examining the second order 
spectrum. By sliding A toward 5 the first order spectrum may 
be brought in front of the eye-piece. 

An important advantage of the spectrum photographs made 
with this apparatus is that the distances between spectrum 
lines are proportional to the differences in their wave lengths, so 
that a scale of equal parts may be made, which when applied to 
the photograph will give the wave length of every line on the 
plate. 

PROBLEMS 

1. Two flat pieces of glass touching at one edge and separated at the 
other by a thin piece of tinfoil show 30 bright interference bands when 
examined in sodium light reflected perpendicularly from the thin air him. 
What is the thickness of the tinfoil? 

2. A narrow slit illuminated by light of wave length GOOjuju gives rise to 
diffraction bands on a screen 2 meters behind the slit. The two dark bands, 
one on each side of the central bright band and nearest to it, are just 1 cm. 
apart. Find the width of the slit. 

3 . A glass transmission diffraction grating has 50 lines to the millimeter. 
How far will the first order spectra of sodium light be from the central line 
when the screen is 6 meters distant? 

4 . What orders of diffraction spectra will be absent in the spectra pro- 
duced by a transmission grating in which the bars are exactly equal in width 
to the spaces between them? See § 972. 


Difpiiaction of X-rays 

977. Diffraction of X-rays. The first certain evidence that 
X-rays (§ 782) are a wave phenomenon in the ether like light 
but of much shorter wave length was obtained by M. von 
Laue of Munich in the year 1912. He conceived the idea of 
using a crystal with its regularly arranged rows of atoms as a 
diffraction grating. He found that if a narrow beam of X-rays 
was passed through a crystal of zinc blende with a photographic 
plate placed a short distance beyond it, on developing the plate a 
regularly arranged system of spots was obtained as shown in 
figure 598 which was interpreted as a diffraction pattern produced 
by very short waves passing through the crystal. Secondary 
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wavelets arise from each of the regularly spaced atoms within 
the crystal according to Huygens’ principle which on emergence 
interfere in certain directions and reenforce each other in other 
directions so that the spotted diffraction pattern is produced. 
By an analysis of this pattern an 
idea of the arrangement of the atoms 
within the crystal can be obtained. 

978. X-ray Spectrometer. The 
English physicists, W. H. and W. L. 

Bragg, were the first to analyze a 
beam of X-rays into a spectrum. 

This was accomplished by reflect- 
ing ” the beam from the surface of 
a crystal. 

It happens that crystals such as 
rock salt have a regular atomic spac- haue pattern for 

ing which is about right for X-ray 
analysis, being in the case of rock salt 

equal to 2.81^, where A signifies an Angstrom^ a unit of length 
equal to 10“^ cms., named after a well-known spectroscopist. 
The Angstrom is a very useful unit of measure in crystal analysis 



Fig. 599, Reflection ” of X-rays from a crystal 

and X-ray work because of its convenient length. The way such 
a crystal may bring X-rays of definite wave length to focus is 
shown in figure 599. In this figure the train of parallel waves 
passes into the crystal and is “reflected” from the different 
layers. Although spoken of as reflection, it is really diffraction 
which is produced as described in § 970. When the waves 
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emerge, interference between them will result unless the angle 
e is such that AB + BC equals one wave length X and A'B' + 
B'C equals two wave lengths, etc. But AB BC = 2d sin 6 
and A'B' + B'C = 4(i sin d. Thus equating either the first to 
X or the second to 2X, the equation for wave length becomes 

\ — 2d sin Q. (1) 

This equation says that for a crystal to reflect X-rays of wave 
length X without interference it must be turned until it makes an 

angle such that X = 2d sin 6, or sin0 ~ X-ray beam 

contains also radiation of wave length X', the crystal must be 

w 

turned to the angle 6' so that sin0' = — and so on for every 

characteristic wave length the X-ray beam contains. Thus, 
for every characteristic frequency, the crystal must be at a cer- 
tain angle to reflect it, and moreover, the reflected heam is reflected 
in a different direction for every characteristic frequency, or 
X-ray spectrum line. All that is necessary now is a means of 

detecting these reflected beams of 
X-rays. This may be done either 
by their power to effect a photo- 
graphic plate or to produce ioniza- 
tion (§ 768), that is, by their power 
to throw electrons off of some of the 
molecules when passed through a 
gas. The number of these electrons 
thrown off per second is easily 
measured by finding the rate at 
which they produce a charge on an 
electrometer. 

A complete X-ray spectrometer is 
shown diagrammatically in figure 600. The 
crystal C is mounted so it can be turned 
Fig, 600. X-ray spectrometer through any desired angle. The diffracted 

X-rays are directed against the film F, 
The apparatus is inclosed in a vacuum tight chamber if soft X-rays are to 
be studied, that is, X-rays of comparatively long wave length, because these 
are absorbed strongly during transmission through a gas. To obtain the 
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photograph of the entire spectrum on one film, the crystal is slowly re- 
volved until the entire arc of the film is covered. Every time the angle d 
passes through a value corresponding to a spectrum fine of characteristic 
wave length, this line is photographed. Special forms of apparatus are 
used when sharp definition or high resolving power is required. 

979. X-ray Analysis of Crystals. W. H. Bragg and W, L. Bragg were 
the first to use X-ray reflection as a means to determine the exact arrange- 
ment of the atoms within certain crystals. A beam of X-rays was analyzed 
into a spectrum by a crystal X-ray spectrometer as described in the previous 
section. A beam of monochromatic X-rays of a convenient wave length 
from this spectrum was isolated from the remaining frequencies by passing 
it through a slit in a lead screen. This beam of monochromatic X-rays 
was then reflected from the crystal to be analyzed. Although the X-ray 
beam consisted of only one wave length, as the angle the crystal made with 
the beam was changed, several positions of the crystal were found at which 
the X-ray beam was reflected. With one X-ray wave length, equation (1), 
§ 978, shows that only one angle is possible at which reflection can take 
place for a given spacing of the layers d. The explanation of the several 
reflection angles found evidently meant that as the crystal was rotated re- 
flection took place from first one and then another set of atomic layers, at 
different angles from the crystal surface and at different spacings di, d^, etc., 
like the different systems of rows seen in a corn field while passing by in a 
train. One such system of atomic layers is shown in the crystal section indi- 
cated in figure 699. From a study of the angle of tilt of each such system of 
layers and their spacing, the atomic arrangement in the crystal could be 


found. For a complete determination, reflections from more than one 
face of the crystal are necessary. ^ ^ 

The most common atomic arrangement found ^<" 1 j , .^[ 77 .^^ 

is a cubical crystal form shown in figure 601, j j • 

called the face centered cube, which is character- 1 | [ 

istic of nearly all metals. f 

In 1916-1917 P. Debye in Europe and A. W. i ** ] 

Hull in the United States independently deter- j [ [ 

mined crystal structure by passing a beam of 1 ^ j ^ 

monochromatic X-rays through a fine tube of 

crystal powder of the substance to be analyzed. 

This method makes use of the fact that in such a 
powder the crystal fragments are mixed together 

with their layers of atoms making every conceivable angle with the X-ray 
beam so that the several possibler eflections are all obtained simultaneously, 
each particular reflection taking place from those few crystal fragments 
which happen to be set just right to satisfy the relation of equation (1), § 978, 
for that particular layer spacing. For each layer spacing (Fig. 599) the crys- 
tal fragments must be set at slightly different angles. Since aU angles are 
present, all possible reflections are obtained. These reflected beams are 
photographed and appear as a series of lines, an analysis of which may yield 
the atomic arrangement within the crystals. 


Fig. 601. Face centered 
cube 
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Figure 602 shows such a series of lines for the element molybdenum ob- 
tained by A. W. Hull by the use of this method. 

REFERENCE 

A. W. Hull: “ The Crystal Structures of the Common Elements/' 
Journal of the Franklin Institute^ Feb., 1922. 

980. Evaluation, of the Lattice Spacing of Rock Salt. It will be noticed 
that after evaluating 9 by measurement, equation (1), § 97S, still contains 
both the wave length X and the crystal lattice spacing d as unknowns. To 
find X and thus make possible the evaluation of d for various crystals, a 



Fig. 602. X-ray spectrum of molybdenum (Photo- 
graphed by A. W. Hull) 


crystal is selected in which d can be directly calculated. This can be con- 
veniently done for rock salt. Its density is known, its chemical composition 
is NaCi and since the masses of the individual atoms Na and Cl are known 
(mass of atom = atomic wt. X mass of hydrogen atom, see § ()2(S) the num- 
ber of atoms of Na and of Cl per cubic cm. and thus their spacing can be 
calculated, since they have a symmetrical cubical spacing, d'he distance 
between the horizontal atomic layers of such a crystal is found to be 
2.81 X 10~^ cms. or 2.81 Angstroms. All other crystal dimensions and 
X-ray wave lengths can be found by comparison, through a knowledge of 
this value of d. 

* Polarized Light 

981. Polarization by Tourmaline. If two plates of tour- 
maline, cut parallel to the axis of the crystal and of suitable 
thickness, are placed one upon the other with 
their axes parallel, light will be transmitted 
through both plates; but if one is gradually 
turned on the other the transmitted beam 
will become fainter until when the two are 
crossed at right angles there is complete 
extinction. It is thus seen that light after 
coming through the first plate of tourma- 
line is different from ordinary light; for the 
second plate must have its axis in a particular 
direction in order to transmit the beam, while in case of ordinary 
light the transmitted beam is equally intense whatever may be 
the direction of the crystal axis. 



Fig. 603. Crossed 
tourmalines 
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A beam of light having this characteristic is said to be polar- 
ized and the first plate of tourmaline, which impresses this 
peculiarity on the light, is called the polarizer. The second 
plate of tourmaline, which reveals the fact that the beam is 
polarized, is known as the analyzer. 

982. Direction of Vibrations. If the vibrations in waves of 
light, like those in sound waves, were perpendicular to the 
wave front or in the ray direction^ rotating the tourmaline plate 
about the ray as an axis would not change its relation to the 
direction of vibration and consequently the vibrations could not 
be extinguished in that way, but would pass through both 
polarizer and analyzer even when they were crossed. We 
must therefore conclude that in light waves the vibrations are 
wholly at right angles to the ray direction. The French physicist, 
Fresnel, was the first to draw this conclusion. 

983. Nature of Polarized Light. In homogeneous light, or 
light of one wave length, the vibrations must be in circles or in 
some form of ellipse or straight line, but 
in white light they are doubtless very 
complicated and irregular. But however 
complicated they may be, each may be 
conceived as the resultant of two recti- 
linear vibrations at right angles to each 
other. For instance, let the path of an 

ether particle during a short interval be ^ 

represented by the convoluted line in the 

diagram, the beam of light being perpen- 
dicular to the paper. It is clear that its actual motion at any 
instant may be considered as made up of an up and down motion 
in the direction of the line ah combined with a sidewise motion in 
the direction of cd. Any circumstance which would cause one of 
these component vibrations to be suppressed without affecting 
the other would leave the particle oscillating along a straight 
line. It is precisely this which is believed to be effected by the 
tourmaline plate. Suppose that it absorbs all vibrations at right 
angles to its axis, while it transmits those which are in the direc- 
tion of the axis, then the light transrnitted through the first 
tourmaline will all be vibrating in one direction, and if the axis 
of the second tourmaline is at right angles to the first, no light 
will get through. 
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A beam of plane polarized light is therefore believed to be one 
in which the vibrations all take place in some one direction per- 
pendicular to the ray. 

984. Mechanical Illustration. How it is possible for tour- 
maline to absorb one component of vibration and transmit the 
other may be seen from the following mechanical illustration. 
Let a weight of a pound or so be hung as a pendulum from the 
end of a light strut of wood which reaches out, say, 4 ft. from 

the wall and is stayed in position 
by cords a, 6, and c, as shown in 
figure 605. The cords b and c are 
somewhat slack and tied into a 
loop of cord 3 or 4 in. long, which 
can slip across the end of the strut 
and is kept in position by three 
small nails, one above, one below, 
and one passing through it and 
limiting the amount of sidewise 
slip. 

When properly adjusted if the 
weight is set swinging in the 
direction de^ it gives up motion to 
the strut and soon comes to rest, 
while if it swings in the direction 
fg the strut is not disturbed and 
the motion of the pendulum persists. If we now set the weight 
swinging diagonally or around im a circle, the sidewise com- 
ponent of the vibration is soon suppressed and the weight is left 
swinging in the direction fg. 

Just so, if there is any frictional resistance to the light vibra- 
tions in one direction in the tourmaline, the energy of vibrations 
taking place in that direction will be dissipated in heat and they 
will be absorbed,' while those components of vibration at right 
angILes to that direction may be freely transmitted. 

Polarization by Reflection and Refraction. When a 
beam of light falls obliquely on a piece of flat unsilvered glass 
so that the angle of incidence is about 57|°, the reflected beam 
is polarized, as may be ascertained by examining the light with 
a tourmaline plate. It is found that when the axis of the tour- 



Fig. 605 
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maline is parallel to the plane of incidence the beam is absorbed 
by the tourmaline, while if the axis of the tourmaline is per- 
pendicular to the plane of incidence the reflected beam is 
largely transmitted. And so in general, when light is re- 
flected at the surface of any transparent substance it is found 
that for a certain angle of incidence the reflected beam is al- 
most completely polarized. This angle is known as the polarizing . 
angle. 

In this case it is found that the refracted beam is also polarized 
in a direction at right angles to that of the reflected beam. For 
a crystal of tourmaline having its axis parallel to the plane of 
incidence absorbs the reflected rays, while it must be held with 
its axis at right angles to the plane of incidence to absorb most 
completely the refracted beam. 

If the reflected beam contained all those component vibrations of the 
incident light which are at right angles to the plane of incidence while the 
refracted beam contained all the vibrations parallel to the plane of incidence, 
each beam, would be completely polarized and they would be equally in- 
tense, each having half the energy of the incident beam. But the reflected 
beam is usually much less intense than the refracted one, and consequently 
the refracted beam cannot be completely polarized, but must contain some 
of both components of vibration. 

In case of glass the beam reflected at the polarizing angle 
contains only about 9 per cent of the energy of the incident 
beam. To increase the effect it is common to make use of a pile 
of thin plates of glass instead of a single reflecting surface. By 
this device the reflected beam is brighter and the light refracted 
through the plates is more completely polarized. 

Light is polarized in this way also at the surface of opaque 
substances, such as black glass, which absorb the refracted beam 
and do not have metallic luster. 

Metals and substances having metallic luster reflect both com- 
ponents of vibration and cannot be used to polarize by refieoiim. 
Consequently light cannot be polarized by reflection from ah omi- 
nary silvered mirror. 

986. Brewster^s Law. It was discovered by Sir David Brew- 
ster that the polarizing angle for any substance is that angle of 
incidence at which the reflected and refracted rays are at right 
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angles to each other. This is known as Brewster’s law of the 
polarizing angle ; it leads at once to the relation 

tan p ■= fi 

where p is the polarizing angle and n is the index of refraction of 
the substance. For 

n = ^ (See ligure 606). 

sin r 


but if the angle between the reflected and refracted rays is 90^, 
p and r must be complementary and sin r = cos p. Therefore 


n = 


sin p 
cos p 


tan p. 


By the use of this relation the index of refraction of opaque 
substances, such as dense black glass, may be approximately 
determined from a measurement of the polarizing angle. 

987. Plane of Polarization. Light polarized in the manner 
that has been described is said to be plane polarized to distinguish 

it from circularly and elliptically po- 
larized light, which will be discussed 
later. 

By common consent a beam of light 
polarized by rcjlcction is said to be po- 
larized in the plane of incidence or its 
plane of polarization is said to be paral- 
lel to the plane of incidence, while the 
iplane of polarization of the refracted 
beam is at right angles to the plane of 
Fig. 606 . Polarizing angle incidence. It is to be understood that 

this is simply a comention. 

To find the plane of polarization of any beam of f)lane polar- 
ized light it is only necessary to let it fall on a plate of glass 
at the polarizing angle and then turn the reflecting plate about 
the incident beam as an axis until the reflected ray has maxi- 
mum brightness. The plane of incidence is then the plane of 
polarization of the incident beam. In this way it may be found 
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that the plane of polarization of a beam of light transmitted 
through tourmaline is at right angles to the axis of the tourmaline. 

The direction of vibration in plane polarized light is believed 
to he at right angles to its plane of polarization. This may be 
inferred from the following case of polarization. 

988. Polarization by Fine Particles. When a beam of light 
shines through a cloud of fine particles it is scattered or diffused 
to some extent and it is found that the light sent out at right 
angles to the direction of the original beam is plane polarized. 
This is easily shown by reflecting a beam of sunlight down into a 
tall glass jar filled with water made slightly soapy so that it 
shows a delicate bluish tint. Light is scattered sidewise in aU 
directions so that the path of the 
beam appears bright, and by 
means of a tourmaline plate it is 
found that light coming out in 
such a direction as CD (Fig. 607) 
is plane polarized, its plane of 
polarization being the vertical plane 
through CD and AB, 

In this case it seems easy to see 
that on whatever side of AB the 
light may come out, the vibrations 
in the scattered light must be in 
a horizontal direction. For in the 
incident beam ABj the wave 
fronts are horizontal and conse- 
quently all the vibrations are in 
horizontal planes, and therefore the vibrations in the scattered 
light may also be expected to be horizontal, for the particles which 
scattered the light are too small to cause an actual turning of the 
wave front such as takes place in ordinary reflection from an 
oblique surface. 

The above experiment therefore points to the conclusion that 
the direction of vibration in a plane polarized beam is at right 
angles to the plane of polarization, as stated in the previous 
paragraph. 

989. Color of the Sky. When the particles are small com- 
pared with the wave length of light the shorter waves are most 
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strongly scattered, so that the diffused light is bluish, while the 
transmitted beam has a larger proportion of the long wave 
lengths, and therefore appears yellowish or even red. 

Thus when we look toward the sun through a thick layer 
of air filled with fine particles, as at sunset, we see the familiar 
red and yellow tints; but looking at right angles to the direction 
of the sun, the diffused light from the sky 
is bluish and is also found to be polarized, 
I 990. Polarization by Double Refrac- 

j tion. When a crystal of Iceland spar is 

, laid on a printed page, the letters are all 

I seen double, A single black dot on the 

paper appears as two, and if the crystal 
while lying on the paper is slowly rotated 
Wp about a vertical axis, one image of the dot 

is seen to revolve about the other. The 

Fig. eOsT' Double re- T 

fraction shown in ngure 608. Light from the 

black dot at F passes to the eye at E in two 
beams, one of which PAE is refracted at the surface according to 
the ordinary law, while the other is bent in an unusual way at B, 
The first is known as the ordinary ray and the other as the 
traordinary. These two beams are found to be oppositely polar'- 
ized. This may be shown by means of a tourmaline placed on the 
Iceland spar. If the axis of the tourmaline is ^ 

in the direction of the line joining the two \ 

images P and P' the extraordinary ray PBE __ 

is transmitted while PAE is extinguished, r . j'/ i: 

while the reverse is true if the axis of the \ 

tourmaline is at right angles to the line joining \ 

A and B. 

When a narrow beam of sunlight falls per- 
pendicularly on one face of a crystal of Iceland ro^pencirof^ 
spar it is divided into two beams, one of 
which, the ordinary beam, passes straight through, while the 
other is refracted in an oblique direction in the crystal but emerges 
parallel to the first at the second face of the crystal, as shown in 
figure 609, If the incident beam is sufficiently narrow the emer- 
gent beams will be separate, otherwise they will overlap. On 


Fig. 609. Double 
refraction of a nar- 
row pencil of light 
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testing the two beams with the tourmaline plate they are found to he 
oppositely polarized. The polarization in this case is complete^ 
each beam transmitting only one component of vibration, so that 
if the incident light is unpolarized, each of the two beams will 
have just one-half the intensity of the original beam. 

991. The Double-image Prism of Fresnel. In order to sepa- 
rate a beam of ordinary light of the full size of the crystal plate 
into two oppositely polarized beams 
Fresnel cut the second face of the 
crystal obliquely, forming a prism, from 
which the two beams emerged in 
slightly divergent directions, as shown 
in the upper part of figure 610. By 
placing a suitable prism of glass in the 
reverse position against the prism of 
spar, both beams may be bent upward 
enough to restore one of them to its 
original direction, as shown in the lower 
diagram. At a little distance from the 
prism the two beams become quite 
separate in consequence of their diver- 
gence. On looking through such a prism all objects are seen 
double. This is one of the best means of obtaining polarized 
light where it is desired to transmit both of the two component 
beams- 

NicoPs Prism. When we wish to obtain only one beam 
of polarized light, a NicoFs prism may be used. To make such 



a prism a long crystal of spar is taken having the form shown in 
figure 611, where ABCD represents a side view and an 

end view. New end faces AF and EC are cut, inclined about 3° 
more than the natural faces, and the crystal is then divided by an 
oblique cut FE which is perpendicular to the plane ABCD and 



S'-vJr.? 

Fig. 610. Double-image 
prism 
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also perpendicular to the new end faces. The two surfaces of the 
cut FE are ground and polished and cemented together with 
Canada balsam, and the prism is then mounted in a protecting 
case which permits light to pass through it endwise. 

The incident beam I on entering such a prism is doubly 
refracted, the ordinary ray in the crystal travels with less velocity 

than in Canada balsam, and 
meeting the surface FE at an 
angle greater than the critical 
angle, is totally reflected (§ 878) 
off to one side, as shown at O. 
But the extraordinary ray trav- 
els in the crystal with a greater velocity than in Canada balsam 
and therefore cannot be totally reflected and so passes through 
the prism and emerges as a plane polarized beam in which the 
direction of vibration is perpendicular to GIF ^ the longer axis of 
the rhombus which forms the end of the prism. 

A NicoFs prism, or Nicol as it is often called, appears perfectly 
transparent like clear glass, but the transmitted beam has only 
half the intensity of the incident one when the latter is not 
polarized. 

993. Double-image Prism as Analyzer. Let a lens L (Fig. 613) 
be placed in front of an opening at O, through which a beam of 




Fig. C13 

sunlight passes, so as to form a bright image of the opening on a 
screen at S, On interposing a doubledmagi^prism D two images 
S and S' are formed. Let us suppose the vibrations in the lower 
beam to be in the direction of the line SS' joining the centers of 
the two spots, while in the other they are at right angles to that 
direction. 

Now interpose a Nicol at N so that the light is polarized before 
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reaching D. Then if the Nicol is in the position shown in the 
cut, in which it transmits only vibrations in the direction SS\ 
there will be seen on the screen only the spot S\ If the Nicol is 
slowly rotated about the beam as an axis, the spot S appears, at 
first faint but growing brighter, while S' grows dimmer, until, 
when the Nicol has been turned through 90°, S' has vanished 
and 5 receives all the light. 

To understand these changes let the student in looking at the 
diagram (Fig. 614) imagine himself looking along the beam of 
light from O toward the screen, and let N repre- 
sent the direction of the vibrations transmitted 
by the Nicol. The double-image prism resolves 
the vibrations into the two components 5 and S' 
which have different velocities in the crystal and 
are therefore separated, one going to the spot S 
and the other to S', 

The lines S and S' represent by their lengthslhe 
amplitudes of the vibrations in the two beams; 
and it is evident that as the angle a is increased, 
the amplitude of 5 increases and that of S' diminishes until when 
a is 45°, 5 and S' will be equal and the two beams of light 
will be equally bright. Turning the Nicol further causes 5 to 
become brighter than S' and when a is 90°, all the light will be 
transmitted in 5, and S' will have vanished. 

994. The Wave Surface in Iceland Spar. The Dutch physicist, 
Huygens, as early as 1690, to explain the double refraction of 
Iceland spar, advanced the very ingenious idea that a wave of 
light in such a crystal, instead of spreading out from a center as a 
spherical wave, divides into two waves, one of which advances as 
a spherical wave, just as in glass or water, and gives rise to the 
ordinary ray, while the other wave spreads out as an ellipsoid of 
revolution and gives rise to the extraordinary ray. He showed 
that this assumption explained the double refraction of Iceland 
spar, but he could not explain the polarization of the two beams. 
This was accomplished by Fresnel, who, in 1821, not only showed 
that polarization may be explained by the assumption that the 
vibrations in light waves are transverse, but also explained how 
to account for the separation of theiwave in Iceland spar into the 
spherical and ellipsoidal surfaces conceived by Huygens. 


s 



Fig. 614 
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Fig. 615. Huygens^ wave 
surface 


According to Fresnel, the cause of this separation is the fact that the 
velocity of light in ci crystal depends on the direction of the vibrations in the wave 
fro7it. In a crystal there is a certain direction called the optic axis, and in 
Iceland spar, waves in which the vibrations are at right angles to the optic 
axis advance through the crystal with less velocity than waves in which the 
vibrations are parallel to the axis, while if the vibrations are neither parallel 
nor at right angles to the axis the velocity is intermediate. 

In the wave surface shown in figure 615 is the direction of the optic 
axis. Vibrations on the surface of the spherical wave sheet are everywhere 
in the direction of parallels of latitude about A and B as poles, and are there- 
fore everywhere at right angles to the direc- 
tion AB, This wave therefore advances with 
the same velocity in all directions and must 
be spherical in form. On the ellipsoidal sur- 
face the vibrations are in the direction of the 
meridians, consequently at D and at all points 
on what may be called the equatorial belt of 
the ellipsoid the vibrations are parallel to AB, 
at C they are inclined to the axis, while at A 
they are perpendicular to it, hence the veloc- 
ity is greatest in directions such as OD, less 
in the direction OC, and in the direction OA 
it is the same as for the spherical sheet, for the 
vibrations in both are perpendicular to the axis. 
Explanation of Double Refraction. Let a beam of light fall 
per^^dicularly upon the surface of a crystal of Iceland spar, meeting the 
surface at AB, figure 616, which shows a vertical section through the spar and 
beam, and let Ax and Bx' be in the direction of the optic axis of the crystal. 
Then when a wave meets the surface oX A Bit sets up vibrations at A and B 
and all intermediate points, which spread out as wavelets in the crystal, each 
having the form of the wave surface described in the last paragraph. Those 
components of vibration which are parallel to the line AB go to form the 
ellipsoidal sheets, while those which are perpendicular to the plane of the dia- 
gram form the spherical sheets. The original wave front will thus be sepa- 
rated into two, one of which, CD, is the resultant of the spherical waves and 
contains vibrations at right angles to the diagram (indicated by dots in the 
figure), while the other, EF, is the resultant of the ellipsoidal wavelets and 
has its vibrations parallel to A B (indicated by dashes in the figure). The 
former is the ordinary ray and the latter the extraordinary. It will be 
observed that the extraordinary wave EF has greater velocity in the crystal 
than the ordinary ray, and it moves obliquely, for it must be the envelope 
of all the ellipsoidal wavelets from A and B and intermediate points. 

If the second surface of the crystal is parallel to the wave fronts CD and 
EF, both beams will emerge perpendicular to the surface (for all points in the 
wave front EF reach the refracting surface at the same instant) and giving 
rise to spherical wavelets in the outer medium must advance perpendicular 
to the surface. 
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996. Most Crystals Double Refracting. All crystals except those 
belonging to the so-called regular or cubical system are more or less 
double refracting. Crystals of the hexagonal and tetrahedral systems have 
a single optic axis, as in case of Iceland spar and quartz, and are said to 
be uniaxial. While those of the i 


three remaining crystal systems , f 

have two optic axes and are j 

called biaxial. | — ; ; 

997. Double Refraction 

Produced by Stress. It \\ j \ 

was discovered by Sir / \ w 

David Brewster in 1816 ^ 

that when tension or com- ^ ^ 

pression is applied to a 
piece of transparent ma- 

terial such as glass or cellu- iL iL. ^ i 

loid, the material becomes j. ^ 

doubly refracting, with the ^ t’l 

optic axis lying in the direc- g,g_ refraction 

tion of the applied stress. 

Since this double refraction ef ect is proportional to the stress, 
it gives an optical means of measurement of stresses in tra^- 
parent materials. 

998. Rotation of Plane of Polarization. When a beam of 
plane polarized light is sent through a crystal of quartz in the 

ji direction of its optic axis the plane of 

© polarization is rotated through an 
angle which depends on the thickness 
r of the quartz and the wave length of 
, the light. Suppose the diagram (Fig. 
^ 617) represents the cross section of a 

^ crystal of quartz through which light 
is coming up toward the observer. 
Let AC be the direction of vibration 
^ ^ in the incident beam, then red light 

may be rotated through the angle 
A OR and come out vibrating along the direction RR' and violet 
light being still more strongly rotated may emerge vibrating 
along VV', with intermediate wave lengths between. If the in- 
cident beam is of white light then the emergent beam is also 


y' C 
Fig. 617 



712 


LIGHT 


white, as all the light is transmitted, but if an analyzer such 
as a Nicohs prism is used, in such a position as to transmit 
vibrations in the direction RR\ the transmitted light will be red, 
for vibrations at right angles to RR^ will be completely cut out, 
and those in other intermediate directions only partially trans- 
mitted. As the analyzer is rotated the tint of the light changes 
becoming bluish or violet when vibrations in the direction FF' are 
transmitted while those in the direction RR' are extinguished. 

If a double-image prism (§ 991) is used as analyzer the two 
beams of oppositely polarized light coming from the prism, will be 
of complementary colors when the original incident beam is 



white, for one will transmit all the component vibrations which 
are excluded from, the other. 

Some crystals of quartz rotate the plane of polarization to the 
right and some to the left, the form of the crystal itself showing to 
which class a given specimen belongs. 

999. Rotation by Liquids. Still more remarkable is the rota- 
tion of the plane of polarization by certain liquids, among which 
may be mentioned turpentine, and solutions in water of tartaric 
acid, malic acid, and sugar. Both right and left varieties of tar- 
taric and malic acids are known, and a solution containing eqxial 
amounts of the two varieties is neutral. 

Cane sugar, or sucrose, rotates to the right, but by treatment 
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with acid it may be broken up into a mixture of dextrose which 
rotates to the right, and of levulose which rotates to the left. 
The proportion of cane® sugar in a mixture of cane sugar and 
glucose may be determined by measuring the rotation of the 
solution both before and after the acid treatment, since the rota- 
tion due to glucose is not altered by the process. 

An apparatus designed for the exact measurement of the rota- 
tion of the plane of polarization by sugar solutions is known as a 
saccharimeter. 

1000. Colors from Crystal Plates in Polarized Light. When 
polarizer and analyzer are crossed^ or so placed that the analyzer 
transmits only vibrations at right angles to those coming from 
the polarizer, no light will pass through the combination. But 
if a thin plate of mica or other crystal of suitable thickness is 
interposed between polarizer and analyzer, as at C in figure 619, 



it may appear vividly colored as seen through the analyzer if 
the incident light is white. When the crystal plate is slowly 
rotated, keeping its plane perpendicular to the beam of light, the 
color is seen to be most intense when the optic axis in the crystal 
plate makes an angle of 45'' with the plane of polarization of 
the beam, and fades out into darkness when the optic axis of the 
crystal is either parallel or perpendicular to that plane. The 
color depends on the thickness of the crystal, and a variety of 
beautiful colors may often be observed in mica plates in which 
some parts are thicker than others. 

If an ordinary plate of glass is interposed between polarizer and 
analyzer no effect is observed, the light remains entirely cut off 
by the analyzer. But if the glass is in a state of strain, it acts 
like a crystal plate and appears bright to the eye at E (§ 997). 
For instance, if a rod of plate glass is held across the beam at C 
so that its length makes an angle of 45" with the plane of polar- 
ization of the incident beam, on slightly bending the rod, it ap- 
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pears bright along the edges but dark in the center, for one edge 
is stretched and the other compressed by the bending, but the 
center remains unstrained. 

So when a piece of glass is heated in a flame and examined 
between the crossed Nicols, bright regions are seen, due to the 
strains resulting from unequal heating, but as the heat gradually 
diffuses through the plate it loses its double 
refracting power and becomes dark. 

Pieces of glass that have been heated 
and suddenly cooled remain in a strained 
or tempered state, and when examined 
with polarized light in the above manner 
show characteristic patterns as in figure 
620 . 

In this way it may be determined 
whether the glass for a telescope lens has 
been thoroughly annealed. 

1001. Circular and Elliptical Polarized Light. To understand the 
production of colors in the case just discussed it will be necessary to consider 
first what happens when a beam of plane polarized light of one wave length 
passes through a crystal plate. In figure 621 the beam of polarized light is 
supposed to be coming up toward the eye of the reader. To avoid confusion, 
the crystal plate and analyzer, instead of being shown superposed on the 



Fig. 620 . Strain fig- 
ure in a triangle of tem- 
pered glass by polarized 
light 


Polarizer* Crystal 

A 



Analyzer 



polarizer as they would actually appear to one looking along the beam, are 
represented as shifted to one side so that each may be seen separately. 
The incident light is supposed to be vibrating in the direction shown by the 
lines at P, with simple harmonic motion, since it is supposed homogeneous. 
On meeting the crystal it sets up vibrations in the same direction in the face 
where it enters as represented by the line AB. 
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But let us suppose that the crystal plate is placed with its axis in the di- 
rection DA or BC, at 45° to the direction of vibration in the incident beam. 
Then the incident vibration, represented in amplitude and direction by AB^ 
may be resolved into the two equal components AC and BC, one of which 
BC is parallel to the optic axis in the plate while AC is at right angles to the 
axis. These two components are transmitted with different velocities, and 
consequently the relation between their phases changes as they advance 
through the crystal. 

As the difference in phase of the two components increases the resultant 
vibration passes successively through the forms shown in figure 622. 

When the thickness of the plate is such that one component is retarded 
one-eighth of a period on the other, the light emerges elliptically polarized, 
as shown in the second figure in the above diagram. In that case the ana- 



Vz h. % K % K 1 


Fig. 622. Resultant forms of vibration when equal simple harmonic com- 
ponents have the difference in phase indicated in fractions of a wave length 

lyzer resolves it into vertical and horizontal components and transmits only 
the horizontal component, as shown in figure 621 at iV. 

If the crystal plate is of such a thickness that the difference in phase 
between the two components is a quarter of a complete period, the resultant 
vibration as it emerges is circular. The emergent beam in this case is circu- 
larly polarized, and will he resolved by the analyzer into two components of 
equal intensity, one of which will be suppressed and the other transmitted, 
and there will be no change in the intensity of the transmitted light as the 
analyzer is rotated. 

When the retardation of one component or the other amounts to a half 
wave length, the emergent light is plane polarized at right angles to the 
direction of the incident beam and is completely transmitted by the analyzer; 
while if the relative retardation amounts to a whole wave length the light 
emerges vibrating just as it entered and is entirely suppressed by the 
analyzer. 

1002. Production of Colors by Polarized Light. When the incident 
beam of polarized light contains all sorts of wave lengths, as in white light, 
the crystal plate may appear colored when seen through the analyzer. For, 
suppose one component of the long waves of red light is retarded a half 
wave length behind the other in traversing the crystal plate, the emergent 
light will be vibrating at right angles to the incident beam, as shown in 
figure 622, and will be wholly transmitted by the analyzer. 

But in traversing the same crystal plate the shorter waves of violet light 
may have one component retarded a whole wave length behind the other; in 
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this case the relation of phase is the same in the emergent as in the entering 
beam, and the beam coming from the crystal is suppressed by the analyzer. 

For some intermediate wave length the relative retardation will be of a 
wave length, and the emergent beam will be circularly polarized and so half 
transmitted by the analyzer. 

On the whole, therefore, the crystal in this case would appear red or 
orange through the analyzer. But from a crystal plate of twice the thickness 
both the red and violet waves would emerge vibrating as in the incident 
beam and would be suppressed by the analyzer, while some intermediate 


r' 



Fig. 623. Optical system of polar iscope 

wave length would be completely transmitted and the crystal would appear 
green. 

1003. Polarization Figures with Convergent Light. When a thin plate 
of crystal is examined in an instrument called a polariscope, using a strongly 
convergent beam of polarized light, a polarization figure is obtained which is 



Fig. 624. Polarization figure for Fig. 025, Polarization figure of 
uniaxial crystal, perpendicular to biaxial crystal 

axis, Nicols crossed 

of great use to the mineralogist in revealing the optical properties of the 
crystal. 

The optical system of the polariscope is shown in figure (>23. The beam of 
light coming from the polarizer is converged on the crystal by the lens B. 
On the opposite side of the crystal plate C is a second short-focus lens 
beyond which is the eye lens E and analyzer 
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If the crystal is a plate cut from a uniaxial crystal perpendicular to its 
axis and if the analyzer and polarizer are crossed, a figure consisting of 
colored rings intersected by a black cross, as shown in figure 624, is seen at 
F'O'G^ by the observer. 

It is clear that rays coming to O in the center of the figure are those that 
have passed perpendicularly through the crystal section, while rays coming 
to other points of the figure have passed more or less obliquely through the 
crystal. Now, the more oblique the rays the greater the thickness of crystal 
traversed, hence the color seen at any point in the figure depends on the 
distance of that point from the center at O. 

All points on a ring equidistant from O show the same color, because the 
rays at these points have traversed equal thickness of crystal at an equal 
inclination to the optic axis. 

Rays passing through the crystal in certain directions, however, have 
their vibrations in such relation to the optic axis of the crystal that they are 
transmitted without any change in their polarization. All such are cut out 
by the analyzer and form the black cross. 

In figure 625 is shown a more complicated polarization figure produced 
by a biaxial crystal, such as mica. 

REFERENCE ON POLARIZATION 

Edwin Edser: Light for Students. 

Electricity and Light 

1004. Magnetic Rotation of Light. When a transparent sub- 
stance is in a powerful magnetic field a beam of plane polarized 
light sent through it in the direction of the lines of force has its 
plane of polarization rotated. This discovery was made by 
Faraday in 1845 and was the first evidence of a relation between 
light and electricity and magnetism. 

The rotation is usually in the direction of the magnetizing cur- 
rent, or clockwise looking in the direction of the lines of force, 
though it is opposite in a solution of ferric chloride in water. 
The amount of the rotation is greatest in substances having a 
large index of refraction, and in a given substance is proportional 
to the length of the column and to the strength of the magnetic 
field. 

If the light is reflected hack again through the tube the rota- 
tion is doubled; that is, the rotation of the plane of polarization 
produced in this way is the same whether the light passes through 
the field in the positive direction of the lines of force or the reverse. 



LIGHT 


718 

This last fact can be explained only by supposing an actual 
rotatory motion of some sort taking place in the magnetic field. 

In this respect the magnetic rotation of the plane of polariza- 
tion is different from that produced by quartz. 

1005. The Kerr Effect. Closely related to the rotation dis- 
covered by Faraday is the fact, discovered by Kerr, that when a 
beam of polarized light is reflected from the polished pole of a 
magnet the plane of polarization is rotated. 

1006. Maxwell’s Electromagnetic Theory of Light. In the 
year 1862 Maxwell advanced the theory that light waves are 
very short electromagnetic waves. Some of the chief arguments 
for the theory may be thus summarized : 

1. The velocity of electromagnetic waves in air is the same 
as that of light waves. The velocity of a wave depends on the 
medium in which the disturbance is set up and the kind of dis- 
turbance. It is therefore reasonable to suppose that electric 
waves are the same kind of disturbance as light waves and com- 
municated by the same medium — the luminiferous ether. 

2. The velocity of light in other media than air has in many 
cases been found to be equal to the velocity of electric waves in 
those media. 

3. Maxwell showed that electromagnetic waves could not pass 
through conductors, hence it was to be expected that conductors 
would also be opaque to light. This is strikingly confirmed in the 
case of metals, for they are the best conductors of electricity 
and also the most opaque substances known. 

4. The electric currents and displacements in the medium 
transmitting electric waves are parallel to the wave front and at 
right angles to the direction in which the wave is advancing; and 
in light waves also the vibrations are parallel to the wave front. 

1007. Zeeman Effect. Zeeman of Holland, in 1896, found 
that when a sodium flame or other luminous gas giving out light of 
definite wave lengths, as shown by lines in its spectrum, is placed 
in the powerful magnetic field between the poles of an electro- 
magnet, each single line in its ordinary spectrum is transformed 
into a group of lines. 

1008. Pressure of Light. It was shown by Maxwell in 1873 
that if light waves are electromagnetic they must exert a pres- 
sure against any surface on which they fall; and that the pressure 



RELATIVITY 


719 

against a reflecting surface must be twice as great as against an 
absorbing one. But the amount of this force is so small that 
for many years no one succeeded in proving its existence; for in 
full sunlight, according to Maxwell’s theory, the pressure against 
a reflecting mirror one meter square is only one dyne, or less than 
the weight of one milligram. 

But in 1900 Lebedew in Russia, and in 1901 Nichols and Hull 
in this country, were able to show that there is such a pressure, 
and in later experiments to prove that its amount is just what 
Maxwell’s theory indicates. 

The pressure of light has been shown by Fitzgerald and Ar- 
rhenius to be the probable cause of comets’ tails, and Arrhenius 
has also proposed a very interesting explanation of the Aurora 
Borealis which depends in part on this same pressure. 


Relativity 

1009 . The Michelson-Morley Experiment. If aq observer 
moves through the air with a body which is giving out sound, he 
will find that his measurements of the forward and backward 
velocity of the sound along the path of motion of the body will 
not be the same. Similarly, it would seem as though motion of 
the earth through the ether should produce a difference between 
measurements of the forward and backward velocities of light 
along the path of motion of the earth through the ether. By 
means of an interferometer (§ 962) Michelson and Morley com- 
pared the velocities of light for different directions at a given 
point on the earth. No difference in velocity could be detected. 
It was therefore believed from this experiment that if the earth 
has any m'otion through the ether at all the velocity of this 
motion must be far less than its velocity around the sun at all 
times of the year. This result pointed toward the extraordinary 
conclusion that the ether, which pervades all space, is stationary 
relative to the earth or, in other words, that the ether follows the 
earth in its orbit in preference to all other planets or stars. Since 
this conclusion is unbelievable, physicists have attempted to 
account for the difficulty in other ways. 

1010 . Relativity. Einstein made the assumption that on all 
planets and stars the Michelson-Morley experiment would lead 
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to the same result, in other words, that however fast or in whatever 
direction an observer moves through space, the velocity of light as 
measured by him is always found to be the same. Such an 
hypothesis is entirely inconsistent with our ordinary conception 
of wave motion in a medium. How can a wave train moving in 
a given medium with a definite velocity pass two bodies with 
the same velocity when one of the bodies is moving faster or 
more slowly than the other? 

Einstein met this difficulty by assuming that there is no such 
thing as absolute intervals of space and time, but that a length 
or a time interval is different for one observer from what it is for 
another, and that this difference between such intervals depends 
on the motion of the observer. He assumed that this dependence 
of space and time intervals upon the motion of the observer who 
measured them was of such a nature as to satisfy the cx|)eri- 
mental law that the velocity of light should be the same to all 
observers. This requires that an object moving past an oI)scrvcr 


A with a velocity v have its dimension in the direction of motion 

1 — - to 1, where 


c == velocity of light. It also requires that a time interval be- 
tween two events taking place on the moving object as measured 
by the observer A be increased in the same ratio compared with 
the time interval between the same two events measured I>y an 
observer B moving along with the object. He thus set up the 
revolutionary hypothesis that measured intervals of time and 
space do not exist as absolute fixed values but that these exist 
only relative to the observer. 

On this hypothesis Ifinstein then develoi)ed the generalized 
theory of relativity, as it is called, an explanation of which is l)c- 
yond the scope of this book. The most important dediictioa from 
this remarkable theory is a new law of gravitation, which is an ex- 
tremely close approximation to Newton’s Law (§ 160), A con- 
clusion from the Einstein Law of Gravitation is that light rays are 
very slightly deflected as they pass through a gravitational 
field. This deflection can readily be calculated for a given case 
and in recent astronomical observations it has been detccte<l and 
has been found to agree with the calculated value. 



RADIATION AND THE QUANTUM THEORY 

1011. Introduction. In this chapter a brief introduction will be 
given to the quantum theory of radiation, a branch of physics which 
has developed entirely within the twentieth century. The ideas of 
the quantum theory have assumed such importance in recent years 
and have presented problems of such extraordinary interest that they 
have absorbed the attention of many of the ablest physicists of the 
present day. Modern research in pure physics is largely devoted to 
the obtaining of data and the unraveling of problems presented by 
this far reaching and remarkable theory. The science of spectroscopy 
is founded upon it as is also a large part of X-ray research. 


THEORIES OF RADIATION 

1012 . Radiation. The subject of radiation has already been dis- 
cussed at some length in the chapter on heat (§ 473-§ 485). See also 
§ Sll-§ 824. The process of emission of energy from a substance in 
the form of ether waves is called radiation, and the radiated energy as it 
exists in the form of ether waves is also spoken of simply as radiation. 
The subject was first introduced under heat because the radiant heat 
which is felt in front of an open fire, for instance, is a common and well 
known example of it, and it was first studied in connection with heat 
phenomena. But it is now known that radiation is a universal phe- 
nomenon and that X-rays (§ 782), light waves (§ 846), radiant heat 
waves (§ 483), or the very long waves of radio (§ 818) are all electro- 
magnetic waves (§ 815) in the so-called ether. The diagram of 
figure 471 will give some idea of the known range of wave lengths 
covered by them. The range of wave lengths included in the visible 
spectrum is seen to be almost infinitesimal compared with the entire 
known range. 

1013 . Electromagnetic Theory of Radiation. Before the present 
century it was felt that very substantial progress had been made in 
the fundamental understanding of radiation. Maxwell in his classic 
work had shown that ether waves were electromagnetic in nature, 
being waves of superimposed electric and magnetic fields transmitted 
with the velocity of light (§ 815 and § 1006). The experiments of 
Hertz (§ 816) had proved the presence of electric waves of long wave 
length as required by Maxwell’s theory. Lorentz and Abraham and 
others expanded and developed the theory of electromagnetic waves, 
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taking account of the part played by the electrons themselves in pro- 
ducing and absorbing radiation. In ail of these researches radiant 
energy was thought of as being propagated in a perfectly continuous 
flow and absorbed in like manner. The electromagnetic theory was 
remarkably successful in accurately explaining spectroscopic phenom- 
ena, such, for instance, as the simple Zeeman effect (§ 1()()7) but it 
fails to explain how electrons maintain their constant speed of revo- 
lution in their orbits and at the same time continuously give out 
energy in the form of waves. How and whence did they derive that 
continuous supply of energy necessary to keep them revolving at a 
constant speed? 

According to the electromagnetic theory, energy is radiated when- 
ever an electric charge is accelerated. A continuous motion of an 
electric charge in a straight line, for instance, will produce no radiation. 
An acceleration or varying motion of the electric charge is necessary. 
Wireless waves arise from the periodic acceleration of the electric 
charge as it surges back and forth between the aerial and the earth. 
There is a definite known source of energy which maintains the waves 
in this case. The whole phenomenon is accurately explained by the 
electromagnetic theory. An electron revolving in an orbit should 
radiate waves also according to this theory since the electric charge is 
under centripetal acceleration. By MaxwclFs theory a train of elec- 
tromagnetic waves should be produced, of a frequency coincident 
with the period of revolution. In spite of the diOlcully as to how 
the electron was steadily kept revolving just so, it was, until recently 
confidently believed by physicists that the periods of the high fre- 
quency electromagnetic waves from atoms, which take |)art in s|)eclro- 
scopic phenomena, were determined by the j>eriods of viliration of 
electrons in the atoms and that these wave frequencies were therefore 
coincident with the electron vibration frequencies. 

1014. Quantum Theory of Radiation- The basic idea of the quan- 
tum theory was first proposed by the German physicist, Max Planck, 
in a now famous paper in the year IDOL It contained a c'onciq)tion in 
such complete contradiction to the older electromagnetic theory that 
it attracted little attention at first. The idea which Planck proposed 
was nothing less than that energy itself was radiated and al)sorbed in 
indivisible grains which he called quanta. Planck found it necessary 
to adopt the idea of quanta in order to explain the way the energy is 
found to be distributed in the si)ectrum of a black body (§ 483). 
His reasons for doing this are more fully explained in § 103!) of this 
chapter. The idea of quanta has already been briefly discussed at the 
end of the chapter on heat (§ 484). Energy quanta are primarily 
radiation phenomena. It is in connection with the absorption and 
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emission of radiant energy that these minute atoms of energy appear. 
They are not all of the same size, however, but depend upon the fre- 
quency of the radiation. For high frequency radiation such as X-rays, 
and ultraviolet light, the energy of a quantum is much greater, in 


SIZE OF QUANTA 


Type of Radiation 

Mean Value oe v 

hv (erg) 

hv (calorie) 

Wireless waves 

Heat waves 

Visible light 

X-rays 

Gamma rays 

10® 

3 X 10^3 

6 X 10^^ 

3 X 

3 X 

6.554 X 10*-22 
19.66 X 10"^^ 
39.32 X 10“^® 
1.966 X 10“8 
1.966 X 10-7 

1.566 X 10”29 
4.721 X 10“-’ 
9.399 X 10"2’> 
4.721 X 10"^® 
4.721 X 10“^^ 


fact millions of times greater, than for the longer wave radiation of 
radiant heat or radio. But even these largest quanta are excessively 
small particles of energy as is well shown in the accompanying table. 
For a given frequency of radiation, however, the quanta of energy 
absorbed or emitted are always of exactly the same size determined by 
multiplying that frequency by a constant designated by the letter A, 
calleci “ Planck's quantum of action " as this constant was first pro- 
posed and evaluated by Planck in his original paper. It should be 
clearly understood that k by itself is not a quantum. It is merely 
that constant which multiplied by a frequency gives the quantum 
of energy for a given radiation frequency. The size of a quantum is 
therefore directly proportional to the frequency of the radiation 
emitted or absorbed as is shown in the table. The proportionality 
constant h is of course of extraordinarily small size, being equal to 
6.56 X 10““-^ erg seconds. It is a universal constant entering into all 
radiation phenomena where quanta appear. 

T'hc quantum theoty supposes that the absorption and the emission 
of radiant energy take place in units called quanta, the size of which 
depends upon the frequency of the radiation. 


PHOTOELECTRIC EMISSION OF ELECTRONS 

1016. Photoelectric Effect. If strong light which is comparatively 
rich in ultraviolet rays such as that from an ordinary carbon arc is 
projected on a plate of zinc which is carefully cleaned and placed in a 
vacuum and is kept free from coatings of a foreign substance such as an 
oxygen film, and if this zinc plate is connected to one of the terminals 
of a quadrant electrometer (Fig. 311), the other of which is suitably 
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grounded (see Fig. G26), it will be observed that the zinc plate be- 
comes positively charged. In other words, the action of the light upon 
the zinc plate causes it to lose electrons. It has since been discovered 
that all substances exhibit this so-called photoelectric emission of elec- 
trons, although there are but few which show it with ordinary visible 

light, among them the alkali 
metals, sodium, potassium, 
lithium, and zinc. This pho- 
toelectric effect, as it was origi- 
nally called was first studied 
quantitatively by the German 
physicist, Lenard, in work pub- 
lished in 1<)()2. 

1016. Laws of Photoelectric 
Emission. There are two 
fundamental laws which are 
found to govern the photo- 
electric emission of electrons. 
These are best understood by referring again to figure ()2(). A grid 
of wire gauze G (coated with copper oxide to |)revent its emitting 
photoelectrons) is placed in front of the zinc i)late P, the gri<l l)cing so 
porous that it does not intercept the beam of light i)roj(icted on P. It 
is connected with P through a potentiometer (S (551) so its |>otential 
may be raised above or lowered below that of P. By raising the 
potential of the grid a small amount above that of the |)late, all of 
the photo electrons emitted by the zinc j)late are attracted to it so that 
the total photoelectric current can be measured by not ing IIk) rate of 
accumulation of charge on the quadrant electrometer (^oT-l), the 
latter measuring the positive charge which accumulates on tlie plate 
due to its loss of electrons. The photoelectric current is so small that 
it can be measured easily only by such an elect, rometer. It is found 
that the photoelectric current has a magnitude which is in direct propor- 
tion to the intensity, of the incident Light, This i.s the first law of photo- 
electric emission. Such a law does not suggest anything at, variance 
with the electromagnetic theory of radiation since the ctTcctt observed 
is proportional to the incident energy. But the sec!on(l law is of a 
very different character and shows a remarkalile defiarture from what 
would be expected from the electromagnetic theory. IT is law con- 
cerns the velocity of the emitted electrons and may be stated as fol- 
lows: The Cinergy of emission of photoelectrons is determined only by 
the frequency of the incident light, being directly proportUmal to this 
frequency. The more energetic waves throw out more, electrons in 
accordance with the first law of photoelectric emission, but to increase 



Fig. 626 . Photoelectric effect 
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the velocity of emission of photoelectrons a beam of light of higher 
wave frequency and shorter wave length must be used, even though it 
may be a much feebler beam than the former. 

Although comparatively simple to state, this second law of photo- 
electron emission is only arrived at experimentally by taking ex- 
traordinary precautions besides taking 
account of the characteristic attraction of 
the plate itself for electrons in interpreting 
the result. 

1017. Velocity of Emission of Photo- 
electrons. The velocity of emission of 
photoelectrons is found by observing the 
negative potential necessary to prevent 
electrons emitted from the plate from 
reaching the grid. With a fixed intensity 

of monochromatic light incident on the , , 

plate, that is light of only one wave length 
from a single spectrum line, it is found potential 

that as the potential of the grid is gradually 

decreased below that of the plate, fewer and fewer electrons reach the 
gauze grid until a dehnite negative potential is reached where it receives 
no electrons at all. This is illustrated by the curve of figure 627 which 
shows a cut-off potential of volts. This cut-off potential is evi- 
dently a measure of the energy of the fastest photoelectrons. 

The repulsion of electrons by the grid at this potential is just 
sufficient to prevent the fastest moving ones from reaching it. They 
have therefore just lost their kinetic energy of emission which equals 
(§ 107) where m is the mass of an electron and v the velocity with 
which it was emitted. This lost kinetic energy must be exactly equal 
to the work done by the electron as it moves against the negative 
field. This work is equal to eV where e is the charge of the electron 
and V the applied negative potential. This follows from the defi- 
nition of potential according to which a difference of potential V be- 
tween two points is measured by the work done upon unit charge as 
it is moved from, one point to the other (§ 571). Therefore the work 
done upon a charge of 5 units is equal to eF in moving it from one 
point to the other. Equating this to the corresponding kinetic 



energy lost, 


eV = imv\ 


( 1 ) 


Since e and m are known, and V can be rneasured, the velocity v^ of 
the photoelectron can be calculated from this equation. This equation 
gives the velocity of motion of the fastest moving photoelectrons only. 
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In the photoelectric effect it is this maximum emission velocity which 
is significant as will be seen from the discussion which follows. 

1018. Einstein’s Photoelectric Equation. It was first proposed by 

Einstein in the year 1905 that the photoelectric emission of electrons 
might be explained on the basis of the quantum theory. According to 
his hypothesis each individual electron which was emitted received 
just one quantum of energy from the incident radiation of magnitude 
hv. Since every metallic surface has a characteristic attraction for 
electrons a small amount of work w must be done to pull an electron 
away from the surface against this attraction (§ 77(S). Therefore the 
quantum of energy imparted to the electron is used up partly in over- 
coming this attraction so that the kinetic energy of emission is 

that which remains after the electron leaves the surface of the plate 
during photoelectric emission. Expressing these facts in mathemati- 
cal form, there results the equation: 

= hv — IV, ( 2 ) 

In words, this equation says that the energy of emission of an electron 
from a plate due to the action of radiation upon it equals the energy of 
one quantum of the incident radiation minus iv, the work necessary to 
pull the electron out of the plate. It is evidently assumed that each 
individual quantum, delivers its entire energy to an electron during 
this process. Just how this is done remains as yet one of the i)uzzles of 
modern physics. 

Using equation (1), equation (2) can be put in the form: 

Vc = ~ hv — w, (3) 

When this equation was first proposed by Einstein, exact experimental 
evidence for it was wanting and some years passed l)efore it was gener- 
ally believed, so radically new was the conception which it contained. 
Nevertheless, during the few years that followed, it has been tested by 
the most careful experiments, notably by those of Millikan (§ 1019), 
and when every conceivable source of error is eliminated this equation 
is found to express the observed facts, almost exactly. It is, in fact, a 
mathematical statement of the second law of photoelectric emission 
introduced in § 1016. 

This equation, simple though it is, is unquestionably one of the 
most important in modern physics. 

1019. Verification of Einstein’s Equation. In the verification of 
Einstein's equation a method for measuring the velocity of photo- 
electrons similar to that described in § 1017 was used where the maxi- 
mum velocities only are evaluated. At first thought the question 
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arises, why are large numbers of slower moving photoelectrons found 
to be present when they all receive equal increments of energy hv. 
This is probably because the photoelectrons, besides being emitted in 
all directions, suffer considerable interference from neighboring atoms 
and molecules. The maximum velocities observed represent the few 
photoelectrons emitted normal to the surface of the plate with no 
interference, and therefore it is the fastest observed photoelectrons 
which give a true measure of the energy of the quanta. 

Figure 628 is a curve of photoelectron emission from a plate of sodium, as 
obtained by Millikan, which shows how the voltage necessary to stop the 
fastest moving photoelectrons increases as the frequency of the incident 



Frequency 


Fig. 628. Photoelectric emission from sodium (Millikan) 

light used is increased. The ordinate can be expressed as the velocity corre- 
sponding to the voltage V as found from equation (1) if desired. It is ex- 
pressed in volts merely for convenience. Millikan found that h as found 
from such curves as these agreed closely with the value originally assigned 
to it by Planck, which is indeed a convincing experimental verification of 
Einstein’s equation. The work w, necessary to remove an electron from the 
metal surface, is a constant quantity, for all frequencies used (§ 778). t 
merely displaces the curve downwards a certain amount and drops out of 
account in the evaluation of h. 

1020. Photoelectric Action of X-rays. As implied by Einstein’s 
equation photoelectric action is not confined to the relatively low fre- 
quencies such as used by Millikan in his experiments. Direct evidence 
of this is obtained when a piece of metal is exposed to X-rays. Photo- 
electrons of high velocity are emitted from the metal with a maximum 
velocity which may be calculated from the maximum X-ray wave 
frequency. Photoelectrons produced by X-rays have far more kinetic 
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energy, however, than those obtained in Millikan’s experiments, in 
fact more than a thousand times as much, as is seen from Einstein’s 
equation, since the frequency of X-ray radiations is more than 1000 
times that of visible light (see Fig. 472). 

It is to be observed that for X-rays, the quanta hv are of such a 
magnitude that w, the work required to remove an electron against the 
surface attraction of the metal in equation (3), is so small, compara- 
tively, that it is entirely negligible in experimental work, so that 
Einstein’s equation takes the simi:)le form 

— hv . (4) 

1021. Inverse Photoelectric Effect. Important and striking as the 
direct ” photoelectric effect is, its inverse is even more fa.r-reachi ng in 

furnishing experimental data for quantum investigations. In fact the 
whole subject of modern spectroscopy is founded ui)on it. The term 
^ inverse photoelectric cjfcct^^ is not in general use l)ut as the name im- 
plies, it refers to radiation emitted by matter Inmiharded by electrons, 
being the converse of the former. A well known instance is the pro- 
duction of X-rays by cathode ray bombardment in an X-ray tube. 
Furthermore, when the inverse photoelectric effect is (:|ua.ntitativcly 
examined, Einstein’s equation is again found to l)e salisfied. For 
example, where electrons strike an X-ray target with a known kinetic 
energy as calculated by equation (1) where V is the lube voltage, it 
is found that the radiation, emitted, however com|)lex in character 
it may be, has an upper frequency limit v,. such that the cpiantum 
Uve carrying this radiation is just ec:|ual to the electron kinetic energy, 
or, as before, 

hVa = 

Here again Einstein’s equation takes the simj)lc form in whicdi w is 
neglected because of the relatively large size of the Cjuanta produced. 
Thus in an X-ray tube the higher the voltage api>lied to the tube the 
higher the X-ray frequencies obtained. d"he reversal of i)hotoelectric 
effects produced by low frequency visible rays, such as studied by 
Millikan, has never been observed, probably because the radiation 
produced is of such small intensity as to be unmeasurable. 

1022. Experiments of Hunt and Duane. A very interesting check 
on Einstein’s equation for X-rays was obtained from experiments of 
Hunt and Duane, the results of which are shown in the curves of 
figure 629. Each curve was obtained by studying the effect of varia- 
tion of voltage across the X-ray tube upon the intensity of a particular 
frequency in the X-ray spectrum. An X-ray spectrometer crystal 
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(§ ^78) was adjusted to ‘‘reflect^’ the desired frequency. This re- 
flected beam was passed through an ionization chamber by which its 
power to ionize air (§ 769), and thus its intensity, was recorded in the 
arbitrary units shown. Each curve required a particular adjustment 
of the spectroscope, and is marked with the X-ray wave length ob- 
tained. 

The important information which these curves give is that every 
wave length has a definite “ threshold value of excitation voltage, 
that is, voltage through which the exciting electrons drop against the 



target material, below which no radiation of this wave length can be 
obtained. Furthermore, this voltage is in each case almost exactly 
that required by Einstein’s equation. 

This can be verified easily by substituting in Einstein’s equation in the 
form given neglecting w, 

Ve - ZOOhv (5) 

where V is measured in volts (hence the factor 300, see § 741) e = 4.774 
X 10"“^^ electrostatic units and the frequency ^ ^ where c the velocity 

of light « 3 X 10^® cms. per sec. and X = wave length in cms. 
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For instance, in the case of the left hand curve where X = .-tSR x 1 0-** cm 
V = 25,000 volts at the point where the radiation intensity vanishes. Then 
substituting in equation (5) and solving for h, it.s value is found to be (144 

X 10 - C. G. S. units, which is very close to the value ().5(> X 10““^ obtninp^ 
by Millikan. uouunea 

Thus it is seen that the emission of X-ray frequencies obeys this 
fundamental quantum equation. This agrees with the statement at 
the end of § 1014 according to which radiation k emitted as well as 
absorbed in quanta. Furthermore this emission and absorption obeys 
Einstein’s equation in the cases described. 


THE BOHR ATOM 


1023. The Spectral Series of Atomic Hydrogen. It, has already 
been explained that a gas such as hydrogen has a spcctruni consisting 
of series of lines which are brilliantly colored within the visible range' 



Fig. 630. Balmer series of hydrogen (absorption .spectra of the star 
Zeta Tauri — &• M older) 


A remarkable numerical relation was discovered l>v Balmer (l,ssr>) and 
amplified by Rydberg (1800) and Rite (lOO.S), fnmi wliich the exact 


here v is the spectrum line frequency, c is the velocity of light and R 
a constant called the Rydberg constant and where the dilTcrent fre- 
quenci^ are found by giving m and a serie.s of values of whok* num- 
bers. _ For instance the well known Balmer series of .spectrum lines of 

^^ter its discoverer, is obtained by giving 
to ni the value 2, and to % the series of values 3, 4, r>, etc., up to infinitv 
A photograph of this series is shown in figure 630 7’his is an -ihsorn 
tion spectrum (§ 936) of the star Zeta Tauri. It is .seen IhM Seti Ss‘ 
(that is, their frequencies) become closer and closer together as the 
series approaches its limit corresponding to the case where 4 - in- 
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finity. This is called the series limit. Every spectrum series has a 
limit of this kind. The first few fines of such a series are usually com- 
paratively easy to observe, but the fines soon become close together 
and fainter as the limit is approached, although the limit itself is often 
quite clear. Other series in the spectrum of this atom besides the 
B aimer series are to be expected on the basis of equation (6). There 
should be a series for which nx= 1 and takes the values 2, 3, 4, etc. 
This series has been identified principally by Lyman, and is called the 
Lyman series. Careful and difficult experimental work was necessary 
to obtain the fines of this series because these lines fall far in the ultra- 
violet region. Radiation in the frequency range of this series (from 
X = 915A toX = 1220 A) is powerfully absorbed by gases of all 
kinds, so the spectrometer and apparatus for their measurement must 
be isolated in a vacuum chamber. 

On the other hand, two other series of longer wave lengths than 
the B aimer series have been located in the infra red region. The best 
known of these is called the Paschen series after its discoverer. This 
series is obtained from the frequency equation by setting ni equal to 3, 
and assigning to the values 4, 5, 6, etc. The strongest fines of the 
Balmer series fall in the visible region, so this series was identified be- 
fore the Lyman and Paschen series. 

1024. Bohr’s Frequency Condition for the Hydrogen Atom. 
The significance of this relation and similar relations for atoms other 
than hydrogen was for rhany years an outstanding puzzle for spectros- 
copists, as it defied explanation on the basis of the electromagnetic 
theory, whatever structure was assumed for the atom. About tlie 
year 1913, the Danish physicist, Niels Bohr, following Planck (§ 1014) 
abandoned the electromagnetic theory and took the radical step of 
invoking the quantum theory as the basis of explanation of spectrum 
fine frequencies. 

In the case of the hydrogen atom, he took the spectrum frequency 
formula of equation (6) and multiplied both sides by Planck^s constant 

which made this equation take the form 


kv = 


Rhc 


Rhc 


(7) 


The left hand member of this equation, hv, becomes a quantum of 
energy, so that instead of representing a series of spectrum line fre- 
quencies, as before, this equation gives a series of quanta, one corre- 
sponding to each spectrum fine. For the Balmer series of hydrogen, 
for instance, when ni is given the value 2 and the series of values 
3, 4, 5, etc., equation (7) gives a series of values of the quantum hVy one 
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corresponding to each line of the Balmer series. Since hv is a certain 
amount of energy, the two terms on the right hand side must each 
represent energy. According to Bohr, each of these terms represents 
definite energy states of the atom itself and when the atom changes 
from a state of energy represented by the second term to a state repre- 
sented by the first term on the right hand side of this equation, the 
energy thus lost by the .atom goes out in radiation as one quantum, of 
size hv. If the energy of the atom changes from the first to the second 
state, its energy increases by one quantum hv, which is therefore 
absorbed from incident radiation from outside- 

1025. The Bohr Atom. Bohr then undertook to obtain a i)hys:cai 
interpretation of equation (7). Such an inlerpretat ion requires a defi- 
nite type of atom whose energy is always equal to some one of a series 
of definite values. These energy values or energy levels must be such 
that for the case of hydrogen the energy shifts between these levels 
give series of energy changes identical to those given by equation (7). 

He assumed the Rutherford type of atom (§ 7{)7) with a relatively 
massive positively charged nucleus with electi'ons revolving about it in 
orbits, the number of these electrons being equal to the atomic number. 

He assumed Coulomb^s law of attraction to hold between the 
nucleus and electrons and centrifugal force to hold the electrons in 
their orbits against the nuclear attraction. 

The energy of such an atom is determined by t he energy of the elec- 
trons in their oi-bits, being greater the larger the orbits. 

He found for the case of the hydrogen atom with one revolving 
electron that if it was assumed that the angular momentum of this 

electx-on was equal to ~ (Aixpendix III) the series of orlnts deter- 
27r 

mined by the series of integral values of n gave exactly the series of 
energy values required by eciuation (7). It is suri)rising that so simple 
a relation as this latter should give the correct series for hydrogen. 
The Bohr atom thus immediately attracted wide attention, and was 
found to be capable of extension to atoms of greater complexity than 
hydrogen. 

It can be shown that it necessarily follows from these assumptions 
that the Rydberg constant R becomes 


ch^ 


( 8 ) 


For an elementary presentation of the mathematics of the Bohr atom, 
see Appendix III. The Bohr atom violates the electromagnetic theory 
in two ways. It postulates absorption and emission of radiation in 
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quanta instead of in a continuous flow. It presupposes that electrons 
may revolve in their atomic orbits without producing radiation. On 
the basis of the electromagnetic theory the revolving electrons should 
radiate energy and move in toward the nucleus in a spiral as the 
energy decreases. Bohr therefore takes the position that the electro- 
magnetic theory does not apply to atomic radiation and absorption 
processes. 

1026. Remarks about the Bohr Atom. The Bohr atom for hydro- 
gen is thus seen to consist of a nucleus, with a positive charge equal but 
opposite to that of an electron, with one electron revolving about it. 
The lowest possible energy state according to the above formula (7) is 
the one for which n — 1. No energy state smaller than this can occur 
according to Bohr’s theory, since n cannot have an integral value 
smaller than unity. If this were so, one of the terms of equation (7) 
would become infinite, giving infinitely large quanta. When the elec- 
tron is in this smallest orbit where n = 1 the hydrogen atom is consid- 
ered to be in its normal state. When the electron is lifted out of this 
orbit by absorption of a quantum of energy to some orbit of greater 
energy, to that for which n = 4 for instance, the electron strives to 
return to its normal orbit. It remains in the orbit = 4 for an instant 
and then drops perhaps to — 2, remains there for an instant and at 
length drops back again to = 1 again, unless lifted up to a higher or- 
bit by some new quantum of radiation before it can return. 

It is clear from this consideration of how quanta are absorbed 
and emitted, that the only way all fines of a spectral series can appear 
simultaneously is that many atoms are undergoing this absorption and 
emission of quanta of various sizes simultaneously so that the total 
effect is the appearance of all possible fines at once or complete 
sj^ectral series. 

There are other ways in which the Bohr atom conforms to experi- 
mental facts besides its ability to predict the spectral series of hydro- 
gen as described. 

If the distance a of the electron from the nucleus in the normal 
state of the atom when ^ = 1 is calculated by equation (11), Appendix 
III, it comes out 1.1 X lO"^ cm. which is about the value the radius of 
the hydrogen atoms should have from predictions of the kinetic theory, 

1027. Unoccupied Orbits. All of the possible orbits of the hydro- 
gen atom, in the previous discussion except that of the undisturbed 
electron are occupied only temporarily by the electron during the ab- 
sorption and emission of radiation. These^ orbits are spoken of as 
unoccupied or virtual orbits. The unoccupied orbits are infinite in 
number, corresponding to the infinite number of possible values which 
may be assigned to n. The permanent orbits are of course equal in 
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number to the electrons revolving about the nucleus, for any atom, and 
are thus equal in number to the atomic number of the atom. Hydro- 
gen has one permanent orbit, and uranium 02 of them. This impor- 
tant distinction between permanent and unoccupied orbits should be 
clearly kept in mind in thinking of the Bohr atom. 

1028, Spectra of the Hydrogen Type from Other Atoms, It is 
seen from the accompanying periodic table that helium is of atomic 



Periodic table showing atomic numbers (hydrogen = 1) 


number 2, lithium is of atomic number 3, etc., up to uranium which is 
of atomic number 92. It will be recalled that the atomic number is the 
same as the number of elementary positive charges carried by the 
nucleus, that of hydrogen being simply 1, that of helium 2, that of 
lithium 3, etc. If in the preceding equations of the Bohr atom for 
hydrogen the nuclear charge E is replaced by 2E, as shown in Ap|)en“ 
dix III, equation (7) becomes 

hv = ^ch(\-^- (0) 

\nf nt/ 

This equation, however, does not give the energy states of the neutral 
helium atom, because the latter has two electrons revolving about its 
nucleus. Equation (7) was developed for the case of a single electron 
revolving about a nucleus. Thus it is reasonable to ex|)ect that equa- 
tion (9) will give the energy states for a helium atom with only one 
electron revolving about its nucleus, that is, for the ionized (§ 701)) 
helium atom. This has actually been proved to be the case by ex- 
periment, the lines of ionized helium being first identified by the Eng- 
lish physicist, Fowler. Accurate measurement shows, however, that 
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the Rydberg constant of equation (9) as applied to helium differs 
slightly from that of equation (7) as applied to hydrogen. It is re- 
markable that this discrepancy is exactly explained by the more exact 
forms of equation (7) and (9) which take account of the slight motion 
of the relatively massive nucleus as an electron revolves about it which 
was neglected in the derivation of these equations as presented in 
Appendix III. The spectrum of neutral helium with its two revolving 
electrons is very much more complex than that of ionized helium or 
hydrogen. When E == equation (7) becomes 

hv = mch ( 1 - J_Y (10) 

ni) 

Following the previous reasoning this equation should give the energy 
states for a lithium atom with 2 of its 3 electrons removed, that is, for 
doubly ionized lithium. These lines have never been identified be- 
cause they lie far in the ultraviolet where measurement is very dif- 
ficult. 

1029. The General Bohr Theory. The presentation of the Bohr 
theory winch has been given assumes circular orbits only, because of 
the comparative simplicity of the treatment required. In his more 
com|)lete theory Bohr assumes the orbits to be of elliptical form, of 
various degrees of eccentricity, that is, ellipses of var3dng lengths com- 
pared with their breadths. Orbits of certain definite eccentricities 
only are permitted, each eccentricity corresponding to a definite 
energy level. Furthermore the ellipses may be in different planes. 
These details of the more complete Bohr theory, although of interest 
to the s[)ectr<)sco])ist in furnishing a more complete picture of the 
atom, must not be regarded as final. Serious difficulties still remain, 
the study of which is beyond the scope of this book. The great con- 
trilmtion of the Bohr theory is not so much in the systems of electron 
orbits i)roposed as in bringing to clearness and reality the existence of 
series of definite energy levels of the atom, and in showing how absorp- 
tion of radiation by an atom is attended by a change from a lower to a 
higher energy level of that atom, and emission of radiation is attended 
by a change from a higher to a lower energy level of the atom, and that 
to each such transformation a definite quantum of radiant energy is 
absorbed or emitted. 

From this point on, orbits will not be referred to, but the term 
energy level will be used instead. It is the energy levels of the atom 
which are fundamental. In experiments on the absorption and emis- 
sion of radiation it is these energy levels which are actually observed. 
They thus have a reality which must always remain whatever be the 



QUANTUM THEORY 


736 


mechanism within the atom which produces them. The series of 
energy levels for the hydrogen atom is shown in figure 031, the arrows 
showing the energy shifts which produce the Balmer series as calcu- 
0=/cnizc,tion Erterau Level Htcd from Cquatioil (7). 



Fig. 631. Hydrogen energy level 
series 


SIMPLE CASES OF AdX)MlC 
SPECTRA 

1030. The Inert Gases. It is 
well known that the neutral atoms 
of the inert gases, helium, neon, 
argon, kryi)ton, etc., are extremely 
stable. This is inferred partly from 
their chemical inactivity. They 
refuse to combine with other atoms 
to form compounds, showing that 
the outside electrons are held with 
great stability, leaving no stray 
fields of force, to speak of, whereby 
they might attach themselves to 
other atoms. They are thus mona- 
tomic, not even clinging together in 
pairs to form diatomic molecules as 
most gases do. They all exist as 
gases, until extremely low Umipt'ra- 
tures are reached when they final ly 
liquefy or solidify. Tin’s iialeed 
does show the [irescnce of very 
slight stray fields of fort'c, l)Ut fields 
so weak that the a, toms cling to- 
gether to form liquids only when 
the agitation due to ((‘mpt^raturc* 
has largely disapi>eared. For this 
reason they occupy tlieir peculiar 
I)Ositic>ns in the periodic table. 
The spectra of these elements are 
very complicated, because of the 
large number of electrons in the 
outer shell of each, all of which are 


involved to some extent even for the most easily excited si)cctra, such 
as produced by an ordinary electric arc discharge through these gases. 


1031. The Spectrum of Sodium. Such is not the case for sodium, 
however. The spectrum of this element is one of the simplest of any of 
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the elements. The reason for this is that its atomic number is just one 
above that of the very stable element neon, mentioned in the previous 
section, Its one extra electron remaining outside of the other ten which 
keep the stable neon formation, unless violently excited by an electric 
spark. T- he spectrum produced by an arc discharge through sodium 
vapor (or the arc spectrum as it is called) involves the single outside 
electron only, and hence its comparative simplicity. The various 
energy levels corresponding to the lifting of this electron to its various 
possible orbits as determined by Bohr’s quantum condition are shown 



Fig. 632. Energy levels of the sodium atom 

in figure 632. The spectral series produced arise from the energy 
changes from one state of the atom to another shown by the arrows. 
It is a curious fact, not hitherto mentioned, that not all possible 
changes (from a higher to a lower energy level) actually occur, such as 
a change from column of energy states 3^ to column d. Shifts are 
seen to take place between adjacent columns only. The reasons for 
the separation of the energy levels of the sodium arc spectrum into 
the 4- adjacent columns only, are very well discussed in more ad- 
vanced works on this subject. See in particular the references at the 
end of this chapter by K. K. Darrow and A. Sommerfeld. 

Simple as it is, the series of energy levels of sodium as given in 
figure 632 is seen to be more complex than that of hydrogen given in 
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figure 631. Strictly, it is believed that the energy levels of hydrogen 
also should be separated into columns like those of sodium, and that 
energy changes between adjacent columns only should be permitted. 
For hydrogen, however, according to the Bohr theory;, the adjacent 
columns would have energy levels almost identical with one another, 
so that the spectral series (arising from transformations between ad- 
jacent columns) would be the same between any two columns. There- 
fore a single series as shown in figure 031 with possible energy changes 
from one level to another in this figure is still icient to give all of the 
spectrum lines actually observed, besides giving the possible energy 
changes given by equation (7). Equations similar to (7) exist for the 
sodium series also, one for each series of changes between the adjacent 
columns of figure 032. 

The series corresponding to transformations from column ,v to p 
shown by the arrows is called the sharp series, tlia-t from p t.o s, the 
principal series, that from column d to p the diffuse series, that from 
ftod the Bergmann series or the fundamental series. These series were 
named by spectroscopists many years before the Bohr theory was de- 
veloped with its idea of energy states and emission and a.bsort)tion of 
radiation in quanta. The pnnci]xil series was so called because of its 
greater intensity and prominence compared with the others in the 
sodium group of atoms. According to the Bohr theory this greater 
prominence is to be expected since the state marked bv in llgure 632 is 
the state corresponding to the normal ])osilion of the outer electron 
which produces these series, to which the electron is always striving to 
return. All of the other states correspond to levels tem|>ora,rily occu- 
pied by the electron when lifted temporarily out of its normal level 
by the excitation of an arc discharge, for example. "The [jrincipal 
series arises from transformations from the second or p column down 
to this most probable normal Is level. It is thus natural to suppose 
that the principal series transformations would be the most |)rol)able. 
The lines of the other series are much less intense. Still other series are 
possible and are observed, although comparatively faint, such as a p-d 
series or a d-f series corresponding to changes from (X)hunn p to d and 
d to f. Still other energy levels exist for sodium, but they are not so 
well known and do not appear in the figure. 

1032. Arc and Spark Spectra. If vapor of the element magnesium 
is placed between the electrodes of an ordinary arc this element is 
found to produce a complex system of spectrum lines which cannot be 
resolved into systematic series which are as simple as those of sodium 
shown in figure 632. This is believed to be due to the fact that two 
electrons instead of one are taking part in the production of the system 
of lines, since the atomic number of magnesium is 12, or one higher 
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than sodium, and it has two loosely bound electrons outside of the 
inner 10 electrons which make up the stable neon arrangement. If, 
however, magnesium is strongly excited between the electrodes .of a 
spark discharge of considerably higher voltage than that of an arc, the 
spectrum changes, and becomes very similar to that of sodium. This is 
due to the complete removal of the 12th electron, so that only one 
loosely held electron remains outside of the neon electron system, giv- 
ing an atomic structure like that of sodium. The spectrum of singly 
ionized magnesium, as this is called, is thus very similar to that of 
sodium, except its series are of four times the frequency owing to the 
nucleus having an extra unit of positive charge on it. Again, if 
aluminum of atomic number 13 has two of its three external electrons 
removed by a sufficiently intense spark discharge, a structure of 11 
electrons like that of sodium is again obtained and its spectrum like- 
wise is similar to that of sodium. Owing to two extra positive charges 
on its nucleus, however, its spectral series are of even higher frequency 
than those of singly ionized magnesium. The spectra of atoms which 
have lost one or more of their external electrons are often referred to as 
spark or enhanced spectra. A considerable amount of work has been 
done in the study of the spark spectra of various elements, particu- 
larly by Millikan and Bowen at the California Institute of Technology. 
In the very violent conditions which exist in stars, atoms of various 
degrees of ionization are common, and ffi ^,11 cases their spectra are 
found to check with those observed in the laboratory. 

1033. Further Remarks on Atomic Spectra. Complicated as 
spectra may seem from this discussion, there are still further complica- 
tions not mentioned. The various lines referred to are practically all of 
them found to be doublets, triplets or to be made up of even more than 
three lines very close together which can be separated with a spectro- 
scope of high resolving power. The discussion of these complexities 
is given in more advanced treatises such as those by Darrow and 
Sommerfeld cited at the end of this chapter. 

Atoms with many outside electrons such as those in columns IV to 
VII of the periodic table (§ 1028) have spectra whose complexity is 
terrific when resolved by a powerful spectroscope. It is remarkable 
that so much progress has already been made in unraveling them. A 
considerable portion of modern research is devoted to the study and 
analysis of such spectra in order to throw more light on atomic struc- 
ture, and the nature of the emission and absorption of radiation. 
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DIRECT MEASUREMENT OF ENERGY LEVELS 

1034. Direct Measurement of Energy Levels; Excited Atoms; 
Radiation Potentials. Important work has been done in recent years 
on the direct measurement of energy states of various atoms, including 
their ionization potentials. The pioneer work in this field was clone by 
Franck and Hertz in Germany, and was f)ublished by them in 11)14. 
As an illustration of the type of method used of which there are many 
variations, one used by K. T. Compton of Princeton University will 
be described which is a modification of a method first, used by the 
German physicist, Lenard. This is shown in the cliiigram of figure 



Fig. 033. Compton’s apparatus 

It consists of a tungsten filament F from whicli electrons art^ (‘mitted, 
a wire gauze G\, a receiving electrode which c'onsists of a box with 
the wire gauze G in front of it. Tiis box can be turruxi a!)out 
the swivel S by means of the iron armature /. The thrta^ (‘UhI rodeos 
are contained in a glass vessel, into which is placed t he gas to be 
studied at the required pressure. When the voltage of the gtiuze 6'i is 
raised an amount Ui, above that of the filament F ])y a Ijattery, or 
some other suitable means, the electrons from the filamcml, F arc at- 
tracted toward it and most of them pass through it with a velocity 
determined by the voltage Ei. This velocity is readily calculated from 
the relation: 

~ ( 11 ) 

This equation is seen to be the same as (3) of § 1018. Tho electron 
in such a case as this is said for abbreviation to have a velocity of U 
equivalent volts. It is of course necessary that the i)rcssure of the gas 
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used be sufficiently low so that the motion of the electrons is not inter- 
fered with by impacts with molecules before G is reached. The dis- 
tance which an individual electron may travel in such a gas increases 
as the pressure is decreased, the pressure required in this case being 
less than 1 mm. of mercury. 

The receiving electrode is maintained at a voltage slightly lower 
than the filament such that is greater than 1^. This means that 
the electrons passing through Gi with a velocity of equivalent 
volts, lose all of their velocity before reaching G and unless some other 
action is at work the electrometer, which is connected to the receiving 
electrode, shows no deflection because it receives no electrons. 

Suppose, however, that the electrons passing through Gt have 
sufficient velocity so that atoms of the gas such as helium are excited by 
them, that is, one of the external electrons of some of the gas atoms is 
knocked out of its normal position by an impact from one of the on- 
coming electrons, and lifted to a higher energy level, without being 
actually removed from the atom. After remaining in the excited state 
for an instant, the excited atoms assume their normal state again owing 
to their displaced electrons dropping back into their normal positions, 
in each case emitting a quantum of radiant energy. The size of this 
quantum (and also the radiation frequency) is, as before, determined 
by the difference between the energy of the atom in its excited state 
and the atom in its normal state. But as soon as radiation is pro- 
duced, photoelectrons (§ 1016) are emitted from the receiving elec- 
trode, the rate of this emission being recorded by the quadrant 
electrometer. Evidently, as soon as the electrometer begins to register 
j,)hotoelectrons while is being increased, the voltage has just 
reached a value sufficient to produce excited atoms, and a direct 
measure of the corresponding energy state is obtained in equivalent 
volts above the neutral state. Potentials corresponding to different 
energy states below the ionizing potential registered in this way are 
called radiating potentials since they are recorded by the radiation 
produced. 

Although measurement shows that an electron may remain in such 
an excited state only about lO -^ seconds before dropping back into the 
neutral state again, this time is probably very long indeed compared 
with that required for the actual lifting out process or the dropping 

back process. ^ 

1036. Measurement of Ionization Potentials ; Discussion of Curves 
Obtained. It is also possible, by this method of Compton’s, to d^- 
tinguish between radiation potentials and ionization potentials. The 
latter are measured by values of 7, such that the electrons from the 
filament acquire just sufficient energy to knock external electrons 
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entirely out of atoms they collide with, thus ionizing them, instead of 
lifting them only partially out of the atoms to intermediate energy 
levels. When ionization is produced, positive ions appear. These 
positive ions are attracted instead of repelled by the receiving elec- 
trode, so that the quadrant electrometer at once registers a charging 
current. Since the emission of electrons by the photoelectric action of 
radiation from the gas at a radiating potential also leaves the elec- 
trometer positively charged some device is necessary to clistingiush 
between the radiation and ionizing potentials. 

This is accomplished in Compton’s apparatus by first measuring the 
charging current with the gauze G of the receiving electrode toward 



Fig. 634. Curves for helium obtained by Compton’s method 

the filament and then revolving this electrode about on its swdvel so 
that the side F of the box is toward the filament. 

Positive ions are evidently attracted to the receiving electrode as 
fast as they appear whichever way this electrode faces, ikit the case is 
different with photoelectrons. When radiation is produced Ijy excited 
atoms the number of photoelectrons emitted by the rec'civing electrode 
is less when the radiation passes through the gauze G into the box than 
when it strikes the side P directly, as it does when this side is toward 
the filament. This is because most of the photoelectrons emitted in- 
side of the box are trapped there and received by it again, only those 
emitted from the gauze permanently escaping, whereas they all escape 
when the radiation strikes P directly. 

Figure 634 shows typical forms of electrometer current curves as de- 
pending upon the accelerating voltage which determines the veloc- 
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ity of the electrons. No current appears until a voltage of about 19.75 
is reached when current begins to be registered by the electrometer. 
The curve marked Ip shows the current obtained with the closed side 
of the box toward the filament and that marked the current ob- 
served with the gauze-covered side of the box toward the filament. 
Since Ip is greater than 7^? at least part of the effect is due to a radia- 
tion potential having been reached. To separate a possible current due 
to ionization which may be superimposed upon that due to the radia- 
tion potential, the curve R is plotted, which gives the ratio of the 
current Ip to the current I q. It is noticed that a sudden drop in this 
curve begins at about 25 volts and it is here that the atoms begin to be 
ionized. As long as the ratio of the 7p to is a constant, the effect is 
in all probability due to photoelectric action, or to radiation from ex- 
cited atoms only, but as soon as this ratio begins to drop this change is 
explained as due to an increment of current superimposed upon P and 
G in equal amounts. This is exactly the way a positive ion current 
would be recorded since it registers the same for either position of the 
receiving electrode as described above. 

We have thus recorded a radiation potential at 19.75 volts and an 
ionizing potential at about 25 volts. The gas used in this case was 
helium. Helium is a monatomic gas and therefore one of the easiest to 
study in this way. The measurement of radiation potentials and ioni- 
zation potentials of molecules containing more than one atom per 
molecule presents greater difficulties. 

It is important that the electrodes used be of the same metal, as far 
as possible, so that the opposing contact potentials of the electrodes 
(§ 778) shall cancel out, and thus do not have to be taken account of. 

By methods such as this the potentials of various energy states 
including the ionizing potential of many types of atoms have been 
directl}'- measured giving important evidence of the existence of sta- 
tionary energy states and of the absorption and emission of radiation 
in quanta of size determined by these energy states. Below is given 
a table of some radiation and ionization potentials of a few different 
types of atoms obtained by such measurements. 

RADIATION AND IONIZATION POTENTIALS (after K. K. Darrow) 



He 

Ne 

Na 

Cs 

Mg 

i Hg 

’Energy value of the normal state . 

0 

0 

0 

0 

0 

0 

First excited state 

19.75 

16.65 

2.1' 

1.45 

2.7 

4.66 

Other excited states 

20.55 

18.45 



4.4 

4.86 







5.43 







6.7 

Ionized atom 

24.5 

21.5 

5.12 

3.9 

7.6 

10.4 
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1036 . Elastic and Inelastic Collisions; Collisions of the Second 
Kind. In work of this kind the terms clastic and inelastic collisions 
are frequently used and deserve some explanation. When gas mole- 
cules or atoms are bombarded by a stream of electrons of compara- 
tively low velocity, say of 10 equivalent volts, for the case of helium, 
the electrons bound back and forth against them like so nuiny perfectly 
elastic spheres, all of the energy being retained as kinetic energy of the 
electrons and also of the atoms of the gas, with, which some of the 
kinetic energy is exchanged. The collisions between tlie molecules of 
gas are perfectly elastic. As soon as the velocity of the electron stream 
is sufficiently high, however, to produce excited atoms, each electron 
which produces by its impact an excited atom delivers i)art or all of its 
velocity energy to the atom in lifting one of its electrons to a higher 
energy level. Instead of rebounding, it strikes it a more or less dead 
blow as though the atom were a sphere of putty. I1u‘s type of collision 
is evidently inelastic. The appearance of excited and ioni/.cd atoms in 
a gas so bombarded is thus the result of inelastic electron collisions. 

A very interesting type of collision sometimes ol)served in this work 
is called a collision of the second kind. In this case an atom already 
excited goes back to its normal state, at the same tinui shooting out a 
neighboring electron which happens to l)e within range at the right 
time, delivering its quantum of energy to the electron instead of emit- 
ting the quantum as radiant energy. 

THE quantum: theory of MOLECUl.AR VIBRATIONS 
an:d si^;h:cTRA 

1037 . Band Spectra. Band spectra is a term used where the lines of 
various spectral series under low resolving |)(>wer a, re broaxlened out 
into more or less continuous bands. They are sometimes known as 
fluted spectra (§ 93S) or may be so abundant as to appe.'ir like a contin- 
uous spectrum. Whereas line spectra are mainly due to processes 
within individual atoms, band, spectra are |)rodu(’ed by molecules or 
groups of molecules excited by electric discharge or by high l<‘mpc‘ra, 
ture, and continuous spectra by solids and liquids at high 1 (‘inpt'ratun'. 

. It has been seen that even atoms by themselves may have very com- 
plex spectra, but these complexities greatly multijjly when atoms are 
bound together to form molecules. Instead of individual lines, multi- 
tudes of lines appear which are seen as bands which often cannot l)e 
resolved at all. Just as for atoms, however, every individual line or 
element of a band is a measure of the emission of a definite (juii ntiim of 
energy, and, as before, the size of this quantum is founxl I)y multiplying 
the frequency v of the line by Planck’s quantum of action //, giving hv. 
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The extremely large number of lines of molecular spectra thus indicates 
the possibility of many times more energy states than for atoms, since, 
as in the case of atoms, molecular spectrum lines arise from the emis- 
sion of quanta corresponding to energy changes from higher to lower 
energy levels. 

The complete spectrum appears because large numbers of molecules 
at the same time are each undergoing a particular change from a higher 
to a lower energy level, and furthermore the number of such changes 
possible per molecule in one second is enormous, so that by the law 
of probability every individual line makes its appearance, the more 
probable ones being the brighter. 

1038. Quantizing of Molecular Vibrations. The process of assign- 
ing definite energy levels to atoms as determined by definite electron 
orbits is spoken of as the quantizing of the electron motion. The 
transfer of the electron from one energy level to another is attended by 
the absorption or emission of a quantum of energy, depending upon 
whether the transfer is from a lower state of energy to a higher or vice 
versa. In like manner Bohr and his followers have quantized the mo- 
tion of whole atoms within molecules and indeed the motions of the 
molecules themselves. To take a simple case, a symmetrical diatomic 
molecule may be thought of as shaped like a dumbbell. The two 
atoms which are held together by their mutual attraction may vibrate 
to and from each other along the axis of the dumbbell. The dumb- 
bell as a whole may revolve about an axis perpendicular to its own 
axis, but not about one coinciding with it, since, owing to its symmetry 
and circular cross section, impacts cannot excite a rotation about this 
axis. It is clear that the more rapid this vibratory motion or this ro- 
tational motion the greater the energy of the atom. These two forms 
of motion are each quantized so that again only certain particular vi- 
bration frequencies and rotational speeds are possible, corresponding 
to series of definite energy states, as before. These are determined 
by a logical development of the quantum theory, best given by 
Sommerfeld, cited at the end of the chapter. When these new energy 
states are combined with those of the atoms themselves, which make 
up the molecule, the sum total of possible energy changes becomes 
enormous. It is indeed remarkable that in many cases studied the 
lines predicted by this theory are actually observed. Molecular hy- 
drogen and the gas HCl are good examples. 

1039. The Quantum Theory and Energy Distribution in the Spec- 
trum of a Black Body. It has already been briefly noted in § 484 
in the chapter on radiation of heat that the first suggestion of the 
absorption and emission of radiation in quanta was given by Planck in 
order to account for the way black body radiant energy is distributed 
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among wave lengths, as shown by the curves of figure 253. Ideal 
black body radiation (§ 483) has a continuous spectrum as shown 
from curves obtained by experiment, such as those of figure 253. 

Now if it is attempted to derive a curve of energy distribution among 
wave lengths for black body radiation on the basis of the electromag- 
netic theory it has been found that the shorter the wave lengths the 
greater the energy, so that the major part of the energy is concentrated 
in a narrow band including only very high frequencies. In fact if any 
frequency whatsoever is permitted to exist, however high, the total 
energy of the spectrum becomes infinite, which is an impossible result. 
On either basis the energy distribution curves so olitained do not coin- 
cide with those of figure 253, but show a maximum at the shortest 
wave length present, at the left-hand side of the figure, instead of 
showing a definite maximum and then falling oil to zero gradually. 

On the basis of the quantum theory, however, the size of the cjuanta 
being hu, they become very large at the high frequencies and it requires 
so much energy to produce sufficient excitation of the atoms that the 
emission of these quanta becomes less and less [irobable the higher the 
frequency so that the greater energy they individually contribute is 
soon offset by the smaller number of them produced. This accounts 
for the energy curves reaching a maximum and then falling off again 
for the very high frequencies or short wave lengths. If the tem|)era- 
ture of the body is raised, however, the atoms are more violently ex- 
cited resulting in the emission of more high fre(|uency quanta. It 
thus follows that the higher the temi)eraturc the fartlicr toward 
the short waves the i)oint of maximum energy is displaced as 
shown in figure 253. 

In his analysis in which he ])r<)pos(‘d the idea of al)S(>ri)tion and 
emission in quanta, Planck expressed his ideas in mathematical form 
and the energy distribution curves obtained liy him show good agree- 
ment with those obtained by experiment for a black body. 

For a good discussion of Planckbs dc^velopnuMil of the (|uantum 
theory, see that of Lewis cited at the end of the cha|)ter, 

1040. The Quantum Theory of Specific Heats of Solids. It had 
long been known that the specific heats (§ 409) of certain substances 
vary somewhat with temperature, particularly at very low tcmixu-a- 
tures where a great decrease is observed, the specific heat bt'coming 
vanishingly small toward the absolute zero. 

According to the law of Bulong and Petit (§ 410) the product of 
the specific heats of the various elements into their atomic weights, 
that is, their atomic heats, are approximately a constant, which is 
equal to about 6 gram-calories. This value for the atomic heat of an 
element was satisfactorily explained on the basis of the kinetic theory, 
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making certain assumptions as to the molecular motions, but the ki- 
netic theory fails to explain the decrease of atomic heat with de- 
creasing temperature (§415). 

Einstein, in the year 1907, was the first to point out that Planck’s 
quantum theory would afford an explanation of this decrease of atomic 
heat with temperature, and he derived a mathematical expression 
based upon Planck’s theory of quanta which gave the atomic heat 
of a substance as depending upon its temperature, and which showed 
a decrease with decrease of temperature which checked experimental 
measurements very well. Figure 635 shows the calculated curve of 



Fig. 635. Variation, of specific heat of diamond, with temperature 


the temperature variation of the specific heat of diamond compared 
with points obtained by measurement, according to Einstein. The 
agreement in this case is excellent. It is not so good in other cases, 

however. . 

Other attempts have been made subsequently to derive a similar 
law of specific heat variation on the basis of the quantum theory. 
The most successful is that of the Swiss physicist, Debye, published 
in 1912, whose method is superior to that of Einstein in that it takes 
account of a whole series of possible harmonic vibration frequencies 
as making up the thermal agitation within the substance instead of one 
characteristic molecular vibration frequency throughout as assumed 
by Einstein. The law derived by Debye requires a somewhat more 
complicated mathematical expression than that of Einstein, but it 
shows a decidedly better agreement with measurements made on 

a fuller discussion of this subject see Lewis, cited at the end of 
the chapter. 
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This application of Planck's quantum theory to the specific heats 
of solids is particularly important because through this woik the 
possibilities of the theory became known and appreciated to a much 
greater degree than before, and the way was paved for the remarkable 
work of Bohr and his followers. 


THE QUANTUM THEORY OF X-RAYS 

1041. Moseley^s Experiments. In § 1020 a l)rief discussion of 
X-rays was given since the emission of X-ray^s affords a, good illustra- 
tion of an inverse photoelectric effect. We are now in a. position to 
give a more complete discussion of X-rays in the light of Bohr's de- 
velopment of the quantum theory. The famous t‘xp(*riments of the 
English physicist, Moseley, i)erformed at tlie Cavendislt Lal)ora,tory, 

and published in 191.1, will be 
descril,)ed next as tlicsi^ exfieri- 
ments were tlu‘ first, to clearly 
bring out the liasic laws of X-ray 
spect ral stuies. 

Moseley obtained [lowerful 
beams of X-rays from a sucx'cs- 
sion of diffenuit (‘kunents ]>y 
using each, in turn, as tlie anode 
of his X-ray tube. Meet runs, 
driven against these anodes by 
voltages of high intensities ex- 
cited the X-rays cdiaracteristic 
of the anode materials. The 
elements exa^lin(^d by liim 
covered the range of atomic 
numbers from 20 to 10, tliat is, 
from calcium to /.inc, excei)t for 
scandium, inclusive (see § 1028 
and Fig. 01(5) • 

The beams of X-rays from these materials were each analyzed l)y an 
X-ray spectrometer similar to that shown in figure 601, and i)hoto- 
graphs are shown in figure 030, as given in Moseley’s original i)ai)er in 
1913. Moseley arranged these photographs in the figure according to 
wave length, so that spectrum lines of shorter wave length arc at the 
left of the figure, and those of longer wave length at the right. By so 
doing, he was able to bring out and to formulate a very remarkal)le 
relation between the wave frequencies and the atomic numbers of the 



Fig. 636. Moseley’s photographs 
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elements which produced them, the wave frequency being simply 

c 

“ where c is the velocity of light and X the wave length. 

He found that the. frequency corresponding to a characteristic spectrum 
line of any element is proportional to the square of its atomic number. 
For instance, in the photographs of figure 636, each element shows two 
lines, one of higher and one of lower frequency. Either the higher 
frequency series of lines from one element to the other, or the lower 
frequency ones are found to obey Moseley’s law of frequencies pro- 
portional to the atomic numbers squared. 

Now if the frequencies are proportional to the squares of the atomic 
numbers, their square roots should be proportional to the atomic num- 
bers, in other words a curve of the square roots of the frequencies 
plotted against atomic numbers should be a straight line. This has 
been found to be the case over the entire range of known elements to a 
close a])proximation, except for elements of low atomic number. The 
truth of the relation is shown in figure 637 from elements of atomic 
numbers 11 to 60. 

This discovery marked an epoch in the subject of X-ray spectros- 
copy. It was the first and a fundamental step in the systematizing of 
X-ray spectra. 

This work of Moseley’s is especially remarkable because he was a 
young man of only twenty-six at the time, and it is indeed a sad thing 
til at he soon after lost his life in the Great War. 

1042. Characteristic X-ray Spectra. The pairs of spectrum lines 
observed by Moseley, and shown in figure 636 represent only the high- 
est X-ray frequency lines of the elements, and are called the K lines. 
It is now known that other lines exist, of lower frequency, which are 
called the L and M lines, and even others are possible. Furthermore, 
the K lines shown are now known to be only part of a whole series of K 
lines which exist for each element, although the others are fainter and 
nearer together and thus harder to observe. The same is true of the L 
series and the M series as they are called. In fact a close analysis 
shows that even the two highest frequency K lines are really doublets, 
and lines in the other series are even more complex. A more complete 
analysis and classification of these lines requires an intimate knowledge 
of energy changes within the atom, which will be introduced in an 
elementary way in some of the following sections. 

Figure 638 shows some of the L and M frequencies as well as the K 
plotted against atomic numbers^as in figure 637. 

Figure 639 shows the same thing as figure 638, except the lines are 
shown depending upon wave length instead of the square root of the 
frequencies corresponding to these wave lengths. 
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The K lines observed by Moseley were the first to be studied because 
they are of such wave length as to be observed easily l)y a spectrom- 
eter employing crystals as diffraction gratings. Wave lengths greater 
than twice the atomic spacing in the crystal used cannot be measured 
at all by the crystal method while those much shorter than the atomic 
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Fig. 637. Curve illustrating Moseley's law (after Sommcrfrld) 

spacing are diffracted at such angles that 6 becomes almost 1)0'’ and 
very little dispersion is possible. 

1043. Further Remarks on X-ray Spectra. It was believed for 

many years that X-ray spectra and visible spectra (the term visible 
spectra as here used means spectra whose frequencies are of the same 
order of magnitude as those of visible spectra) were two entirely dis- 
tinct phenomena, and governed by different laws, but in the light of 
recent discoveries the barrier has gradually broken down, and it is 
now known that they represent the same type of radiation except that 
X-rays are of a far higher frequency than visible s|)ectra. B'urther- 
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more X-rays as well as visible spectra are governed by Bohr’s fun- 
damental frequency condition hv = Wi — where Wj and W2 
represent the energy in two of a whole series of possible states of 
the atom. 

Since X-rays have very high frequencies compared with visible light 
the corresponding quanta are relatively large packets of energy. This 



in. turn requires that the energy shift responsible for each quant^ 
emitted be also very large. This is only possible on the supposi ion 
that very deep-lying electrons are knocked or lifted froin their norma 
positions by the cathode ray bombardment the radiation being 
emitted when an electron drops back again to these 
levels. The energy level of the disp aced 

very low compared with the ionization energy state m order that tne 
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energy shift shall be large enough to produce the large sized quanta of 
X-rays. For this reason, elements of low atomic number which are 
built up of comparatively few electrons, none of which lie deep within 
the electron structure, have not the power to ])roduce high frequency 
X-rays. A metal like tungsten, however, of atomic number 74 may 
emit X-rays of high frequency, as its deep-lying electrons are far Ixiow 
the outer shell of the electron structure. Furthermore tfie higliest 
frequency X-rays obtainable from an element, that is, the K radiation 



IVaye Length X in cm 

Fig. (>30. K and L lines for series of elements 
I)lotted against wave length 

(§ 1042), is now known to be a consequence of lifting the very deci)est- 
lying electron out of the atom, the L radiation the next. de(?i)esl, etc., 
the series continuing up to the visible si)ectrum produced by the out- 
side valence electrons. On this basis the Lyman series of hydrogen 
(§ 1023) is the hydrogen K radiation, the Balmer series the hydn)gen 
L radiation, etc. 

Since the hydrogen atom has only one electron in its external struc- 
ture its K series is that produced by the falling of this electron into 
its lowest or normal level when displaced by excitation, since this one 
electron is evidently its lowest possible electron. This gives the layman 
series. Similar considerations show that its L series must correspond 
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to the Balmer series. For elements of larger atomic number the lowest 
lying electron is evidently deeper within its structure, and the K 
radiation of correspondingly higher frequency. 

An important difference between the production of X-ray spectra 
and visible spectra is that no X-ray spectrum lines appear at all until 
the excitation is sufficiently great to entirely remove a X or an X or an 
M electron from the atom, and then the whole K ox L oi M series ap- 
pears at once, depending on which of the 3 electrons is removed. It is 
not possible to obtain the radiation of first one then the next higher, 
then the next higher line of these series, etc., one after another, by 
excitation of the right intensity, as in the case of visible spectra. This 
is doubtless because visible spectra are produced by the displacement 
of the outermost electrons of the atom to unoccupied orbits (§ 1027) 
which contain no electrons, in the normal state of the atom, whereas 
the important lines of X-ray spectra arise from electrons dropping 
from energy levels normally occupied by electrons. Therefore before 
a readjustment can take place involving the whole series of energy 
levels down to the deep-lying electron this electron must be entirely 


removed from the atom. 

It is true that it may be sometimes only removed as far as some out- 
side unoccupied orbit, but the differences in energy levels of the outside 
unoccupied orbits are so small compared with the internal X-ray 
energy level differences, that any observation of this effect is entirely 
lost because the part of the X-ray spectral series due to the unoccupied 
orliits must be all concentrated right at the limit of the series, that is, 
almost at the point corresponding to complete ionization. ^ ^ 

1044. X'-ray Continuous Spectra. A very noticeable characteristic 
of X-ray spectra (and to some extent in visible spectra) is the presence 
of a continuous background of less intensity than the individual 
spectrum lines which may continue up to frequencies considerably 
higher than the limit of even the K series. This continuous spectrum 
shows a definite high frequency limit, however, beyond which it <hs- 
appears. This limit is found to depend upon 

tube in driving the electrons against the tarpt which emds the X- y ^ 
and to accurately obey Einstein^s law as l thJ 

thus a good example of an inverse photoelectric action by 
velocity energy of some of the electrons striking the targe 
forme 1 iX qmnta which are radiated out along with the character- 
s' radiaS on. The largest quanta obtainable are evidently feed 
Tth^Woltage appled to the tuhe^ The s -r^s^- 

tending below this limit can be explained as also 
photoeictric action arising from 

decreased in various amounts due to their having dehvered part 
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their initial energy to the cathode in various ways such as inter- 
ference with other electrons, etc. The curves of Duane and Hunt 
(Fig. 629) show that the intensity of radiation of a given wave length 
rapidly increases with distance from the edge of this continuous spec- 
trum toward longer wave lengths. The curves of Duane and Hunt 
however, were obtained by selecting a fixed wave length of definite 
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frequency by means of an X-ray spectrometer and lowering the tube 
voltage uiitil the high frequency limit reached that frequency in.stead 
of maintaining a constant voltage on the tube and ob.serving the in- 
tensity of the radiation for increasing wave length.s until the high 
frequency limit was reached. The law of falling off of intensity, 
however, should be nearly the same in either case, 

1046. X-ray Absorption Spectra. The absorption spectra of X-rays 
also show a marked difference from those of visible spectra. In the 
case of absorption spectra of the visible tjrpe it will be recalled that the 
various spectrum lines become reversed so that they appear as dark 
mes such as the Fraunhofer lines in the spectrum of the sun (§ 932). 
When X-rays are passed through a layer of absorbing material, how- 
ever, broad absorption bands appear as well as individual dark lines 
characteristic of the absorbing material. This is very well illustrated 
m the photograph of figure 640 which was taken by De Broglie in 
Paris in 1910. 


The upper band shows the spectrum of tungsten obtained from the 
tungsten anode of an X-ray tube bombarded by electrons. Wave 
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lengths decrease and frequencies increase toward the left until the 
very dark band is reached which is made by the undiffracted X-ray 
beam opposite the spectrometer sht. To the left of this the spectra 
repeat again in the opposite direction, that is, with increasing wave 
length and decreasing frequency. The tungsten spectrum is seen to 
show various K and L lines, also the continuous spectrum is seen to 
extend somewhat to the left of the highest frequency K radiation, 
indicating the voltage applied to the tube from Einstein's photoelec- 
tric ec|uation (§ 1018). The second band shows the same spectrum, 
but photographed in this case after being transmitted through a 
thin sheet of molybdenum. It is seen that beyond a definite fre- 
quency limit strong absorption begins, this being indicated by the 
light band since absorption screens the transmission of light. This 
limit is the high frequency limit of the K radiation. Since the fre- 
quency of the radiation below this limit is insufficient to lift the K 
electrons up to the surface of the atom because the corresponding 
quanta are not sufficiently large, this radiation cannot be absorbed in 
this way, so that much more of it passes through the molybdenum 
sheet than for radiation of frequency just above the K limit. This 
latter radiation has the power to lift the K electrons entirely out of 
the atom and thus excite the whole K series and thereby loses much of 
its energy, which results in strong absorption. These secondary X-rays 
excited in the molybdenum appear largely at the surface towards the 
X-ray source away from the photographic plate and are thus radiated 
back without affecting it. The absorption shows as a broad band 
because frequencies considerably higher than the K limit also excite 
secondary K radiation and are also absorbed, but to a less extent than 
frequencies immediately above the K limit because the former have 
more i)enetrating power than the latter due to their higher frequency. 
For this reason the K absorption band begins suddenly with strong 
al)sorption at the K limit and gradually fades out with higher frequen- 
cies. Absorption bands also appear at the high frequency limit of the 
L series which fade out with higher frequencies and disappear before 
the region of the K radiation is reached. The same is true of the M 
high frequency limit, etc. This fading out of the absorption band with 
higher frequency shows well for the K absorption band of antimony in 
the fourth photograph from the top of the figure. 

This figure has other interesting points. In the tungsten spectrum 
shown in the upper band where no absorbing medium is interposed the 
K absorption bands of both silver and bromine appear, but as dark 
instead of light bands. These are beyond doubt due to the silver bro- 
mide in the coating of the photographic film. They appear dark be- 
cause the photographic layer absorbs these frequencies more strongly 
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causing it to be more strongly affected than otlicrwise^ thus niagni^ 
fying the intensity of the incident radiation within these frequency 
limits. This effect shows through the absorbing material to some 
extent as observed in the five lower photographs. 

This important X-ray phenomenon was first discovered by the 
English physicist, Barkla, some years before its full significance was 
understood. 

It can be said of X-ray absori)tion in general, lliat tlic greater the 
atomic number of the absorbing layer the more powerfully^ does it 
absorb, the absorption increasing very rapidly indeed with atomic 
number. Lead screens prove very effective in proiecling X-ray opera- 
tors from stray X-rays which may produce d;.ingeri>us !)urns without 
them. Glass containing a high percentage of lead is used in some 
applications, for this reason. 

1046. X-rays from Radioactive Transformations and Cosmic 
X-rays. It will be recalled from the introductory discussion of radio- 
active radiations (§ 7<S7) that the gamma ray^s a.re nothing other than 
very ^^hard’’ or high frequency X-rays emitted during the i)reakdown 
of the atoms of radioactive substances. These X-rays show liigher 
frequencies than have thus far been produced by' lal)ora.t{)iy methods, 
being radiated in corres])ondingly large sized (juanfa.. In rc‘cent years 
very definite evidence has been o];)tained of X-rays of extraordinary 
hardness which come to the earth in extremely small amounts from, 
interstellar space. These cosmic rays as they have been (XiIUhI have 
been detected by various invesligalors through tlie observation of a 
slight ionizing effect detected through the (nscliai-g(‘ of an inclosed 
electroscope (§ 537) which no ordinary precautions In the way of 
sci'ccning could eliminate. This suggested the possibility of tlie pres- 
ence in space of X-ray radiations, of penetrating jiowcm* fcir grtxUer 
even than that of gamma rays, which cause the discharge of the 
screened electroscope by a slight ionizing effect which [lersisls in s|)ite 
of the screening. 

The first serious study of this possibility was made by the Swiss 
physicist, Gockel, who made observations from a balloon which 
showed that at a height of 4500 meters above the earth the effect 
was still present at its full intensity. Other investigators subse- 
quently obtained evidence of an increase /)f the intensity of this 
radiation with altitude. 

The most conclusive and complete study of this phenomenon has 
been made by Millikan and his collaborators at the California In- 
stitute of Technology. Observations madel)elow the surface of snow- 
fed lakes, at high altitudes, showed that the effect could be detected at 
a depth of over 50 feet and that the effect fell off with increasing depth 
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at a rate to be expected from very hard X-rays. Furthermore these 
rays increase in intensity with altitude and are thus doubtless of 
cosmic origin. It is not known how they arise, except that the atomic 
energy changes responsible for them are much greater than anything 
encountered on the earth. This radiation 
is emitted in quanta over thirty times larger 
than the largest quanta known from any 
other X-ray radiation. The probable wave 
lengths of these cosmic rays is only about 
,0()()5 A (one Angstrom = 10~® cm.). 

1047. The Compton Effect. No discus- 
sion of X-rays and the quantum theory can 
be complete without some mention of a 
remarkable effect discovered by A. H. 

Compton of Chicago University and studied 
[)articularly by him and by Duane of 
Harvard University. It was afterwards 
explained by Compton on the basis of the 
quantum theory, thus being named after 
him the Compton effect. 

When X-rays of a particular wave length 
strike a piece of matter such as a plate of 
givipliite, secondary X-rays are found to be 
scattered in all directions. If rays scattered 
in some particular direction, say 90 degrees 
from the direction of the incident beam, 
are selected and analyzed by an X-ray 
S|)ectroscope the selected beam will be found 
to be made, up of a series of wave lengths 
with two prominent maxima as shown in 
figure ()4l showing that two definite wave 
lengths are present in far greater abundance 
than those of slightly different frequencies, . Q^^ves showing 

l.'heBe curves were obtained fpm measure- Compton effect 

ments made by Compton, j The original 

beam, which was used, was obtained from an X-ray tube with a 
molybdenum target. This was analyzed by a spectrometer and 
the K line alone of the K series was used to excite the secondary 
radiation from the plate of graphite, this secondary scattered radia- 
tion being examined as described above by a second spectrometer for 
rays scattered at the three angles 45 degrees, 90 degrees and 135 
degrees] The remarkable fact which appears is thal in each case, 
besides the original frequency of the K line appearing in the scattered 
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radiation shown in each case by the left-hand maximum, a somewhat 
longer wave length is present which diverges more from the original 
frequency the greater the angle of scattering. The crystal used in the 
spectrometer was calcite, and from the angle at which the dilfraction 
takes place from the calcite and the atomic spacing of the calcite, 
the wave lengths are easily found according to equation (I) of § <)78. 
This angle is seen to be measured along the horizontal coikxlinatc in 
the figure. 

Compton has given the following very ingenious i\\plana.1 ioTi ac- 
cording to which lit each angle of scattering a [particular frequency of 
’ ' scattered radiation should ap- 

j)ear which is lower than that 
of tlie incident beam. Etc as- 
sumes that certain c|uanta in 
the radia,tion incident on the 
scattering substance such as hv 
in figure (>12 come in contact 
with a free or practically free 
electron, delivering an impact 
such that tlic electron goes in one 
direction shown by the lower 
arrow and a quantum goes out in another direction sliown by the up[>er 
arrow. ' This is the scattered c[uantum, of somewlia,t smalltT size and 
lower frequency than the original. In order to analyze sut'h an impact, 
however, the quantum must be considered to have monumtum as well 
as kinetic energy, the latter being taken as simply JiiK Now it is well 
known that light incident u[)on an alpsorbing surface exerts a definite 

pressure - where I is the energy of the beam alpsorbed by the surface 

per second, and c is the velocity of light. It can l>e sliown on this 
basis that, according to the electromagnetic theory, the momentum 

Jiv 

delivered by a ciuantum equals • This is tlic value of t lie momentum 

c 

of a quantum of radiant energy taken by Compton. For the electron, 
moving with a velocity v, according to elementary mechanics its 
kinetic energy is and its momentum m>v where m is its mass. 

Thus when the quantum strikes the electron it delivers to it, a certain 
amount of momentum and energy, itself losing the kinetic energy 
delivered and also the momentum component delivered, 
f Using the above fundamentals as a basis, Compton worked out a 
simple mathematical expression which, for any angle of scxi tiering, 
gives the size of the scattered quantum kv' and thus the frequency v\ 
It is found that similar measurements made by many other observers 
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as well as those of Compton himself give values for v' which check the 
theoretical value within experimental error. The Co mp ton effect is of 
very great interest to students of the quantum theory, because it shows 
directly the action of a quantum upon an individual electron. 

Compton has obtained a still further check on this theory from the 
observation of the paths of electrons scattered from a beam of X-rays 
passed through a gas. These paths are photographed by using the 
method of C. T. R. Wilson described in § 789. A large number of 
photographs were taken, and a few of them caught an electron in the 
act of being deflected. 

1048. The Paradox of Modern Physics. How can radiation be a 
wave phenomenon and at the same time be emitted in darts or packets 
called quanta? Evidence that radiation travels in waves is abundant, 
as can be seen by referring back to the wave theory of light. Even 
very short X-rays are clearly transmitted as waves. And yet they 
seem unable to be received by matter or emitted by it except in bundles 
or packets of minute size called quanta. How is it possible for radiant 
energy in the form of waves distributed through a considerable volume 
of space to suddenly concentrate itself upon a single electron as a 
quantum? And yet the quantum itself is defined in terms of frequency 
measured on the basis of the wave theory. The situation presents a 
curious paradox in which radiation phenomena are explained on the 
basis of two radically different theories which are curiously intertwined 
with each other and for each of which indisputable experimental 
evidence is at hand. 

1049. Foreshadowings of the Future. Meanwhile a large group of 
able theoretical physicists, among whom Germany is well represented, 
and the Danish physicist, Bohr, is an outstanding figure, have been 
working at the problem and developing an entirely new viewpoint 
which shows promise of a far better understanding of the difficulty. 
Never before in the history of physics has such a concentrated organ- 
ized effort been, made and it is noteworthy that those who are taking 
part are mostly comparatively young men. The problem is of such a 
nature that unusual powers of mind are required to handle it, with 
which comparatively few are endowed. ■ 

At the same time, experimental work continues, as the test of the 
truth of any physical hypothesis or theory must lie ultimately in 
experimental verification. Some outstanding results have recently 
been obtained by Davison and Germer of the Bell Telephone Labora- 
tories in the study of the way a beam of electrons is reflected'’ from 
a crystal of nickel. The stream of electrons was directed normally on 
the crystal, the velocity of impact being determined by the applied 
voltage through which the electrons are made to drop according to 
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equation (3). The entire apparatus was sealed in a vacuum tiglit 
chamber. The very remarkable result was obtained that the electrons 
were ^Yefiected” much more strongly at some angles than at others, a 
complete survey showing a reiiection pattern similar to that of the 
Lane pattern (Fig. 598) obtained from X-ray reiiection This 
indicates that an electron stream in some way has the ])owxa' to a,ct as 
though it were a wave phenomenon. It is of great interest that recent 
theory has suggested the 2:)ossibility of such a result. 

1050. Astronomical Applications of Modern Physics. The most 
remarkable advance has taken. j)lace in our understanding of stellar 
phenomena during the past decade, largely as the result of the analysis 
of the radiation coming to us from stellar Ixxlies on tlie l)asis of Ih)hr’s 
theory and its develoj^ments. In the case of the liotter stars, the 
atomic activity is so intense that it is now recognized tha t, tlie atoms of 
some of the elements arc strijoped of several of their outermost elec- 
trons much of the time, thus emitting si)cctrum lines characdcnistic of 
these stripped atoms. An extreme case of this sort is tlnit of the 
companion of Sirius which has been found to have thc^ extraordinary 
density of about 00,000 times that of water, that is, one cul)ic inch of 
material from this star would weigh about a ton on tlu? earth. It is 
believed that the atoms which make up this star have lost most of 
their external comi:)aratively light electron structure and have become 
crowded together so that the relatively massive atomic nuc:l(u (§ S07) 
are 30 or 40 times closer together than in an ordinary heavy material. 

According to calculations made by the Ihiglish ma.thematical as- 
tronomer, Eddington, the internal temperature of most stars is of tlie 
order of 40,000,000 degrees C. I'his inconceivably high tem|KU'ature 
is attended by radiation so intense that tlie outward i)ressure from it 
(§ 1008) may actually balance the enonnous gravitational pressure in 
the case of the largest stars, and so |)rcvent their existing al)ove a 
certain mass. This conclusion seems to ])e verified ]>y oliservation, 
according to which stars are never found al)ove a mass, say, of al)out 30 
times that of the sun, nor indeed are they often found of .mass much 
smaller than the sun. 

This whole subject is of very great interest and is beautifully jire- 
sented in a little book by Eddington called >Stars and A lams, 
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CARNOT’S THEOREM AND THE ABSOLUTE SCALE 
, OF TEMPERATURE 

1. Work of Compression or Expansion. When steam is ad- 
mitted to a cylinder C and the piston P is pushed back through 
a distance Xj the force exerted by the steam against the piston is 
pA , where p represents the pressure of the steam and A is the area 
of the piston head, and the work done is pAx^ or 

W == pAx. 

But as the piston moves through a distance x the volume of the 
cylinder is enlarged by the amount xA, so 
that, representing the increase in volume by 
Vj we have 

W = pv. 

Tliat is, when any stibstance while exerting 
a pressure p expands in volume by an amount v, it does an amount of 
xvork equal to the product pv, 

2. Work on the Pressure-volume Diagram. The work of com- 
pression or exj)ansion is conveniently represented by an area on 
the pressx^re-vokme diagram. For let volumes be represented by 

abscissas j or distances measured to 
the right of the line OF according 
to the scale at the bottom, and let 
pressures be measured by ordinates, 
or distances measured upward from 
the base line OV according to the 
scale at the side; then if the pres- 
sure remains constant at, say, 40 
lbs. to the inch, while the piston 
V moves enlarging the space from 
zero to 5 cu. ft., the series of states 
will be represented by the succes- 
sive positions of a point R as it 
moves from A io B (Fig. 644). The work against the piston which 
we have seen to be equal to the product of the pressure p by the in- 
crease in volume v is represented in the diagram by the area ABCO, or 
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the area between the line AB and the base line, measured in appro- 
priate units. If pressures are measured in pounds per square foot, 
and volumes in cubic feet, the work pv will be given in foot-pounds. 
In the above case the work is 5 X 40 X 144 = 2S,S0() ft. -lbs., and 
the area of each small rectangle in the diagram represents .1410 
ft.-lbs. of work. 

In case the pressure drops off as the volume increases, as indi- 
cated by the line AD in the diagram (Fig. Oil), the work of cx'pan- 
sion is represented by the area ADCO between the curve AD and 
the base line OC. For imagine the increase in volume to be made 
by a succession of small ste[)s, one of whicli is rt 4 )resented by v 
in figure ()45. Then, if during the expansion v tlie pressure clianges 
from Pi to ^ 2 , the work done will have a value l)etween p\V and 
p 2 Vj and will be greater than the shaded strip in diagram I and less 



V '^0 


Fig. ()45 

than the corresponding strip in diagram II. total vv<n-k done 

in the expansion, from A to D will l)c greater tluin tfte sum of all 
the little sliaded strips in diagram I and still be less tluin lliose strips 
in diagram II. But the greater the numlier of strijis in the ex- 
pansion, the smaller will l>c the width of the Btrijis and the more 
nearly will the sum of the areas in both cases iipjiroach the area 
ADCO as a limit; that area, therefore, must represent tlie actual 
work in the exiiansion from A to D. 

Hence in, general the work of an expansion reprcseiiled by any line 
AD in the pressure-volume diagram is equal to the area under that 
line down to the base line, or line of zero pressure » 

3. Carnot^s Cycle. In the year LS24 a French engineer, Sadi 
Carnot, then only 28 years of age, publivshed a work of extraor- 
dinary originality on “the motive power of in which he 

arrived at results of fundamental importance through tlie consid- 
eration of the properties of an ideal heat engine, in each comi)lete 
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stroke of which the working substance was conceived to be put 
through a special series of four changes known as a Carnot’s cycle, 
by which it was brought again to its original condition. 

The working substance S is supposed to be enclosed in a cyKn- 
der^ having side walls and piston absolutely non-conducting, as 
indicated by heavy lines in the diagram, while the bottom is a per- 
fect conductor of heat. Three stands are provided upon which 
the cylinder may be placed, a perfectly conducting hot stand at tem- 
perature T 2 , a perfectly conducting cold stand at temperature 
2 ^ 1 , and a perfectly non-conducting stand N. 

Suppose the cylinder has been standing on the cold stand, and the 
working substance S, which may be supposed to be steam or air or 
any substance whatever, has come to the temperature Ti and has 


T2 

Ti 

Fig. 64G. Carnot’s engine Fig. 647 



a pressure and volume represented by the point A on the diagram 
(Fig. ()47). 

1. The cylinder is transferred to the non-conducting stand JY 
and the substance is compressed until its temperature rises to T 2 
in consequence of the work expended in its compression, and comes 
to the volume and pressure represented by -B. In this operation no 
heat can How into or out of the substance; it is therefore called 
an adiabatic operation or change. 

2. The cylinder is shifted to the hot stand and the substance 
allowed to expand. As it expands it does work and would be cooled 
except that heat freely flows in from the hot stand keeping its tem- 
perature constant at Let it expand in this way by some convenient 
amount until its volume and pressure may be represented by C 
on the diagram. The change from -B to C is called isothermal be- 
cause the temperature has remained constant. 

3. Now place the cylinder again on the non-conducting stand, 
and let S expand still further. It will cool in consequence of the 
work done in the expansion since no heat is supplied, and may 
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be cooled in this way to the temperature Tj. of the cold stand. This 
change is adiabatic and represented by the line CD on tlic diagram. 

4. Placing the cylinder on the cold stand the in'ston is pushed 
down compressing the substance from D to its original volume 
at A. During this operation the heat of com[)rcssion is ta,kcn up 
by the cold stand as fast as it is develo])ed and the temi)eraturc 
of the substance is thus kept constant at 1\. This change is iso- 
thermal, and while it is taking place heat Hows out oi the working 
substance into the cold stand. 

This series of operations, in which the working suljstarice is sul)- 
jected to two isothermal and two adiabatic changes and lirought 
again to its original pressure volume and temi)erature, is known 
p as a Carnot^s cycle; its p(‘.c‘ulia,rity is 

that no heat transfer takers place e.K- 
cept at two deiinite temperatures. 

H Work in a Carnot’s Cycle. 1110 

Q work done by the working sulistaiice 

^2 expanding from B to C is re|:)re- 

\ ^ sented by the area. EBCC (I'ig. dhS), 
AC and during the adiabatic (‘xpansion 
, : , ^ from C to D it does work n^presented 

^1 OCDII, wliilt^ tlic wurk 

Fro G48 done upon the sulistance as it is 

conipress('d first from I) to ^4 and 
then from A. to B is measured by the double C'ro.ss(‘d a rea EH A Dll, 
below the line DAB. The net amount of work obtained from tlie 
engine in a complete cycle is then n^presented by tlui <?xccss of tlic 
work done by the substance in expanding, over the work done upon 
it in the compression, and is given by the area A Bi 7b 

During the isothermal ex|)ansion BC at tlie higher tenificrature 
1\ heat is taken in from the hot stand, and during the isothermal 
compression DA heat is given out to the cold stand, wliile no lieat 
at all is transferred during the two adialiatic changes. But, the 
engine has done an amount of work during the cycle e(|tial to 
the area A BCD, and since the working suixstance Is in exactly the 
same state at the end as it was in the loginning, the energy ex- 
pended in work cannot have come from the substance, Init must 
have come from the energy supplied in the form of heat, otherwise 
the law of the conservation of energy would be violated. Experi- 
ment confirms this conclusion and we find that the heat lit taken 
in by the substance in expanding from B to C is more than the heal 
Ml given out in the compression from D to A, the difference between 
the two being mechanically equivalent to the work of the cycle ABCDj 
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so that if work and heat are measured in the same units, which 
can be done since both are forms of energy, we have 

W H2'- Hi 


where W is the work represented by the area A BCD. 

5. First Law of Thermodynamics. The conclusion just reached 
is based on what is known as the first law of thermodynamics, which 
is simply the law of the conservation of energy as applied to the 
relation of heat to work. It asserts that wherever work is obtained 
by any heat process an equivalent amount of heat disappears, and 
vice versa. 

6. Efficiency of an Engine. The efficiency of a heat engine is 
the ratio of the work which the engine does to the energy that has 
to be supplied to it from the hot stand or boiler. In the case just 
discussed the efficiency E may be expressed by the formulas 



or. 


E = 


H2 - Hi 

H2 


7. Reversible and Irreversible Operations. Some operations 
are in their energy relations reversible and some are irreversible. 
For instance when a weight is raised energy is expended, and when 
it is lowered again an equal amount is given back. This is a re- 
versible operation; but when work is done against friction energy 
is transformed into heat, and when the motion is reversed energy 
is not recovered but still more is spent in heat, and the operation is 
not reversible. So the conduction of heat from hotter to colder 
bodies is an irreversible operation, while the adiabatic heating 
or cooling of a substance, as its volume is changed without any 
conduction of heat taking place, is a reversible change. 

A reversible engine is one in which the operations are all reversible. 
If an engine working in a Carnot’s cycle were to be made so that during 
the isothermal expansion in which heat is taken in from the hot 
source there were absolutely no difference of temperature between 
the working substance and the source, and if there were a correspond- 
ing transfer of heat with no difference of temperature during the iso- 
thermal compression while heat is given out, the operations would 
then all be reversible. 

If such an engine were driven backward the working substance 
would be put through the cycle of operations represented in figure 
()47 in the reverse order. Expanding from A to D it would take 
in the same quantity of heat Hi at the cold temperature Ti as it 
had given out at that temperature when direct acting; and in the 
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compression from C to B it would give out the same quantity of 
heat II2 to the hot body as it had taken in when direct acting. And 
in this reversed action the heat given out would be more than that 
taken in, by the work of the cycle TF, which would in this case have 
to be supplied from outside, for more work would be done u[)on the 
working substance in the compression than would l)e done by it in 
the expansion. 

It is evident that no actual engine is ever reversible, neverthe- 
less the results obtained by considering the pro|)erties of such en- 
gines are of very great importance. 

8. Carnot’s Theorem. N(y engine can he more (ffi.eient than a 
reversible e 7 igine worJdng hetivecn the same limits of tempera lure. For, 

if j)ossil)le, let some engine E be 


more elTicient than the reversible 
engine R working between the 
same limits of temi)erature Ti 
and 7 h, and suppose tlie strokes 
of the engines are so adjusted 
that the work done per C3'('le is the 
same by one as lyy the otlua'. Then 
let the more efheient engine E l)c 
coupled to the reversible engine R 
so as to drive it backward or in the reversed direction. Tliis it 
will be able to do for the work required to drive the rev(‘rsil)le engine 
backward is exactly what it would have performed if direct a(‘ting. 
In every cycle the engine E takes in heat H at the upper tenii>ta*ature 
and gives out heat h at the lower t{‘mpera.l un? and tlie work IV whit'h 
it does is equal to II — h as we hav(^ seen (§ -I). The rcv(‘rsil)lc 
engine, on the other hand, takes in heal //' at the lower ((,‘nipi‘ra.- 
ture and gives out heat IE at the higher temperature and in this 
case also 11 ^ *— h' == W; and so, since IV is the same for one as for 
the other, we have JI -- h ^ II' — hE But by hypothesis the 
efficiency of E is greater than the eiriciency of i?, tluit is, 



W W 


That is, the heat II' returned to the boiler is more than the heat 
II taken from, it, and the heat h' taken out of the cold body is more 
than the heat h which is given to it. There results, therefore, a 
steady transfer of heat from the cold to the hot ])ody, tlie cold Ixwly 
growing colder and the hot body hotter through the agency of the 
combined engines working continuously without any outside as- 
sistance. This result is believed to be impossible, for it contradicts 
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all experience. • This conviction when formulated is called the second 
law of thermodynamics and may be stated thus: It is impossible 
by any continuous self-sustaining process for heat to be transferred 
from a colder to a hotter body. 

We conclude then that no engine can be more efficient than a re- 
versible engine working between the same limits of temperature, and 
consequently, all reversible engines working between the same limits 
of temperature are equally efficient, whatever working substance is 
used in the engine, whether air, steam, gas, or substance of any sort. 

9. Absolute Temperature Scale. Let us suppose that the dia- 
grams in figure 650 are for two different gases or vapors between 
the same limits of temperature Tx and T^, then according to the 
theorem just given a reversible engine working with one substance 
in the cycle A BCD will be exactly as efficient as another reversible 
engine using the other substance and working around the cycle - 
A 'B'C'D'. Consequently 

H ~ H' 


where W and W' are the work areas of the two cycles and H and 
Jl' are the quantities of heat taken in at the temperature T 2 . 

W 

Since the ratio — depends only on the temperatures Ti and 

JOL 


and not at all on the kind of substance used. Lord Kelvin proposed 
making it the basis of a truly 
absolute scale of temperature 
which should be quite independent 
of the individual peculiarities of 
different substances. This scale 
may be easily understood by the 




aid of figure 651, which is the pressure volume diagram of some 
substance, for which AB and CD are two adiabatic curves. Suppose 
Ti and T 2 are two standard temperatures used to fix the size of 
the degree of the scale. For instance T 2 may be the standard boil- 
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ing temperature of water, and Ti the freezing j)oint of water, and 
we may decide upon a scale in which, as in the Centigraxlc scale, 
there shall be 100® between the two tcm[)cratures. Then if isother- 
mal lines for the substance are drawn between Ti and 71. so as to 
divide the whole area W into 100 equal |>arts, these will correspond 
to successive degrees of temperature of the Kelvin scale, and the 
area between any two isothermal lines which are 1® a{)arl will ])e one 
one-hundredth of IK, or a. 

But in, passing from the adiabatic line AB to llu‘ a,dial)atic CD 
at the temperature 2\ a cjuantity of heat encrg}' ID is absorbed 
by the substance which is less tha.n //o, tlie amount absorbed at 
2h, a temperature 100® higher, by an amount ecjual to U', c)r lOOa, 
and at 1® below Ti the heat taken in in i)assing from one adiabalic 
to the other will be less than II i by a; at 2® b(‘l(,>w it will be less 
by 2a; and so on. But if we take as many dc‘grec\s below T\ as 
a is contained in J/i, we shall reach a temperature at wliicli no heat 
at all would be taken in or given out in the isothermal cliangt* from 
one adiabatic to the other. Now, if this teni})eral ure is taken as 
the lower one in a Carnot’s cycle, and any otlua* tcanperat urc^ l)e 
taken as the higher one, a revcrsil)le engine working in tlu‘ cycle 
will have unit efficiency, that is, all the heat taken in at the upper 
temperature will be transfonned into mechanical work, and none 
will be given out at the lower tem[)craturc. 

No higher efficiency than this can be possible and tlie lowtu' t.em- 
perature fhus defined is taken as the alisolute zero. 

Experiment shows that 1I\ is nearly 272 times so that the freez- 
ing point of water is about 273® above the absolute zero of the Kelvin 
scale, or as we may write it 273® K., and the boiling point being 
100® higher will l,)C 373® K. 

If 180® had been taken between the freezing and boiling points of water, 
as in the ordinary Fahrenlicit scale, the freezing temperature of water woukl 
have been fouii(l 491° and the boiling point 971° above the absolute zero. 

It is interesting to note that teni|:>cratiires measured on tlie at)- 
solute scale of Lord Kelvin agree very closc*Iy willi temperatures 
measured from the so-called absolute zero of the air thermometer 
(§ 394 ); but whereas the zero of the air thermometer was liased 
on the behavior of a i:)articular class of substances, the gases, the 
zero of the Kelvin scale is independent of the properties of any 
particular substance. 

10. Efficiency of a Heat Engine on Kelvin’s Scale* From the 
above explanation of the Kelvin scale of temperature it will be 
seen that the heat taken in by a s^tbstance in passing from one given 
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adiabatic to another pnen adiabatic at any temperature is propor- 
tional to the number of degrees on the Kelvin scale which that tem- 
perature is above the absolute zero; that is, 


El E, 



or, Ei = aTi and E% = aT% 

But we have seen (§ 6) that the efficiency £ of a reversible en- 
gine may be expressed in terms of the heat E% taken in at the higher 
temperature and the heat Ex given out at the lower temperature 
by the relation 

H, 

So that substituting the values just given for Si and Ei we have 

Efficiency of a reversible engine acting ) _ — Ti 

between the temperatures Ti and £2 / ~ T% 

where the temperatures are measured on the Kelvin absolute scale. 

But no' engine is more efficient than a reversible engine working 
between the same limits of temperature; hence the expression 
gives an upper limit to the efficiency of any heat engine whatever. 
It will be noted that to secure high efficiency in a steam engine there 
must be great difference in temperature between the steam as it 
enters and as it escapes, and the high efficiency of gas engines is 
due in part to the high initial temperature of the exploding mixture. 
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PROOF OF NEWTON^S WAVE FORMULA 


The following proof of Newton's law that in case of a com])rcssi()nal wave 
t'~E 

F = Y — is due to the distinguished English engineer and physicist, W, M. 

Rankine. Let a sound wave be moving forward in a medium in the direction 
and with velocity indicated by the arrow V, and let A and B be two i)aralld 


planes, perpendicular to F, which move forward with the same velocity as 


the wave, and therefore are always the same distance ai)art. 


Let 'll represent the velocity of a particle due to its oscillaiion relative 


to the medium, p the pressure in the medium, d the density of the medium, 
V the volume of unit mass, 1 

V ^ - 


and let the values of these quantities at the plane A. be represented by 
pi, di, zn and at plane B by « 2 , ^ 2 , d^, z»o. 

Now suppose for definiteness that the plane A. is at tlie j)oint of maximum 
compression of the wave, then ui will be maximum and in a forward direction 

as indicated in the ligurc, pi and di 
will both have their maxinuim values, 
and these values remain constant as 
the plane moves on, for it moves wlik 
the wave. So also the conditions at |)kine 
at some other point in the wave, 
though different from those at A remain 
constant as the iilanc moves on. 

To an observer moving with the 
planes A and B the medium will be seen 
to stream through the jilanes from 
right to left. At B its velocity relative 
u to the plane will be V — i/y, and this 

Fig. 652 number of cul)ic centi- 

meters of the medium that pass through 
each square centimeter of B in one second. Let M be the niass of this 
volume, and we have 

MV2 = V ■ U 2 , (1) 



The mass M passing B per second must be the same as the mass passing 
A in the same time otherwise there will be a change in the amount of matter 
between A and B as the wave moves on, therefore 

Mdi = F - (2) 

770 
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At a point where the velocity of the particles ia*?ero the medium has its 
normal density d, and normal volume per unit mass », hence at that point 

Mv = V. (3) 

Now consider a column of the medium reaching from A to 5 and having 
1 sq. cm. cross section, the mass M entering this region through B in one 
second has momentum Mui, and the same mass leaving at A has momen- 
tum Mui which we have supposed greater. The column thus experiences 
a loss of momentum per sec. equal to Mu\ - Mui. But the conditions in the 
column do not change as the wave moves along, so the loss must be balanced 
by an equal gain in momentum. This is supplied by the diSerence between 
the pressures pi and Pi on the two ends of the column, Pi urging it toward 
the right and pi toward the left. The column must, therefore, by Newton’s 
second law of motion, experience a gain in momentum per second from 
left to right, equal to pi — pi', and this momentum must be equal to that 
which the column loses in the same time. 

We have therefore M{ui - ; (^) 

But subtracting ( 2 ) from ( 1 ) 

(Ui - Uij =M{i) 2- 1>l) 

whence M‘’“{vi -vi) = pi- pi. 

And by equation (3) 

72 p^-p 2 - , 

— ss ^ — or ' t) 1 

^2 “ 


But by §§ 247 and 249, 


E = V 


p\ — pi 
ii% - 211 


therefore, = nE. 



And since 2 ) = 3 we have finally V = 
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THE BOHR THEORY 

1. Equilibrium of Revolving Electron in Hydrogen Atom. Bohr 
selected the hydrogen atom for investigation because of its com- 
parative simplicity. He made the natural assumption that Coulomb’s 
law of attraction existed between the nucleus and the electron, and 
that the electron was held in a definite orbit, and prevented from fall- 
ing into the nucleus, by the centrifugal force produced by its velocity 
of revolution in its orbit. This idea was not new, but it plays an 
important part in the Bohr atom. Coulomb’s law of attraction be- 
tween two opposite electric charges will be recalled to be of the form 
(see § 539) 



In the case of an atomic nucleus of charge E and an electron of charge 
e, this equation takes the form 



( 2 ) 


where the dielectric constant K is unity, and the distance between the 
atomic nucleus and the electron is called a to conform with usual 
terminology. Now if the electron is assumed to be nwolving in a dr- 

cular orbit, it exerts a centrifugal force equal to — (§ 116). For the 

a 

circular motion to be maintained, this outward centrifugal force must 
just balance the inward pull of the nucleus upon the electron, or 

Eg 


An exact expression should take account of a small circular motion of the 
nucleus itself which is present also but since the nucleus has over 1800 times 
the mass of the electron, this is very smaU and has been neglected in equa- 
tion (3). 

2. Determination of the Energy of the Bohr Atom. Next, how is 
the energy of such a system to be measured? This consists of two fmrts, 
namely, the potential energy of the system, due to the force of the 
electron upon the nucleus, and the kinetic energy, due to the velodty 

772 
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of the electron in its orbit. If the electron approaches the nucleus, its 
potential energy decreases; on the other hand it is increased by pulling 
the electron away from the nucleus, just as the potential energy of a 
weight increases as it is lifted above the earth. The potential energy of 
the electron with respect to the nucleus can be shown to be 


a 


( 4 ) 


where a is its distance from the nucleus. This expression is derived by 
a method exactly like that used in § 591 in the discussion of potential 
except that the electron charge e replaces the unit charge so that the 

expression on page 409 becomes V ==-^2_ place of where as be- 

r r 

fore q = E, q' ^ e, and r = a. The negative sign means that, since 
the electron is attracted instead of repelled, work is done by the 
electron (in moving it toward the nucleus) instead of upon it as would 
be true in a case of repulsion. 

The kinetic energy of the electron is evidently determined by its 
orbital velocity v, and is equal to where m is the mass of the 

electron. From equation (3) miP" = — ? ^ ^ ^ 


— • Thus the 


or - mv^ = - 
2 2 a 

1 Ee 

kinetic energy is seen to be equal to (5) 

a 

Since the total energy W of the system is equal to the sum of its 
potential and kinetic energies, W is obtained by simply adding equa- 

1 E/C 

tions (4) and (5) which gives IF = — - — (6) 

a 

where a is the distance between the electron and the nucleus. The 
total energy is thus greater the farther the electron is from the nucleus 
according to the law of equation (6) and evidently becomes zero when 
the electron is completely removed from the atom. This is, however, 
entirely a matter of convenience in using equation (6) . The zero value 
of energy might be made anything desired by adding a term to (6) 
representing a given constant amount of energy. 

3. Energy Changes During Absorption and Emission of Radiation. 
It is only energy changes which are actually observed by experiment. 
If, for instance, the electron is moved from an orbit of radius ai to 
one of larger radius ^ 2 , the energy change is equal to the final energy 
minus the original energy which is equal to 

1 Ee 1 Ee (* 7 \ 
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where AW is the energy change. If the zero point of energy were 
altered by adding or subtracting a certain constant ciuanlity of energy 
to W (equation 6) this constant quantity is seen to cancel out in ex- 
pressions for energy change like that of equation (7). 

Thus for convenience the energy of the electron is taken as zero when 
removed from the atom, and thought of as decreasing step by stej) to 
greater and greater negative values as the distance a l)ecomcs less and 
less. 

If the energy change AW in equation (7) is ])laccd equal to a quan- 
tum hv this equation becomes 


1 ^ I Ee 

2 ai 2 ^2 


(s) 


This equation is seen to have exactly the same form as equation (7), 
(page 731) which will be written again 

- Rhc Rhc , . 

Jiv ■=. — ( 9 ) 

n\: n<r 


Thus it is seen by comparing these two eciuations that a ((uaiUum of 
energy hv may be thought of as emitted l)y a cha,ngc of en(‘rgy of the 
atom produced by the electron shifting from an orl)it of radius t.o the 
smaller radius ax, and vice versa for the al)sorpUon of thc! {pianlum. 
Furthermore and a<z must have values whicli make the two right- 
hand terms of equation (8) exactly equal to tliose of e<iualion (9). 

4. Determination of the Electron Orbits Corresponding to the 
Energy States. Bohr then found by what law these <list arices must I)e 
determined to make equation (8) identical with ecjuation (9). He 
found that if he assumed that 


mva = 


nh 

2t 


( 10 ) 


the series of values of a found by giving n its series of integral values 
was the required series of distances of the electron from tlic nucleus to 
make equation (8) and (9) give identical series of energy differences, or 
identical series of quanta. This equation says that ll\e stationary 
states of the Bohr atom arc such that the angular mommtum of the 

electron about the nucleus is a whole multiple of where h is 

27r 

Planck’s constant. The quantity mva — ma^co (since t? = ace) is known 
as the angular momentum of the electron about the nucleus, where <jo is 
the angular velocity of the electron (§ 137) and ma^ (X)rrcst>onds to 
moment of inertia I (§ 144). 
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By eliminating v between equations (3) and (10) and solving the re- 
sulting equation for a, it is found that 


4:Tr^mEe 


( 11 ) 


If this value of a is substituted in equation (8) it becomes 

y 27r^mE^e^ 27r^mE^e^ 

= ^ 


( 12 ) 


where n — ni when a = ai and n == n 2 when a — a^- 

5. Evaluation of the Rydberg Constant. If the numerators and 
denominators of the right-hand numbers of equation (12) are each 
multiplied and divided by ch this equation becomes 


_ 2if^mE^e^ch / 1 




(13) 


The nuclear charge of the hydrogen atom consists of one positive 
unit equal in magnitude but opposite in sign to that of the electron. 
Thus E in equations (2) to (13) can be replaced by e, so that 


_ 27r^me'^ 


(14) 


This is the correct expression for the Rydberg constant. For other 
atoms E is greater than unity. For helium E = 2, and hthium E — S, 
etc., so that the constant Rch of equation (9) becomes 4Rch, 9Rcky 
etc., R always being given by the expression (14). 

6. Relation Between Orbital Frequencies and Radiation Frequen- 
cies. The number of revolutions per second / of an electron about 
the nucleus is equal to its velocity divided by the circumference of its 

orbit = ? that is, 

27ra 

V — 2'jvaf, (15) 


If this value of v is substituted in equation 
revolution is found to be 


(10) the frequency of 
(16) 


Substituting in this the value of a from equation (11) and making use 
of equation (14) and replacing E by e, since for hydrogen E = e, 


( 17 ) 
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Comparing this with equation (6) § 1023, for the vibration frequen- 
cies of spectral lines of the hydrogen atom it appears that the orbital 
frequency and the frequency of radiation are by no means the same 
and that they depend on two very different laws. This is contrary to 
the electromagnetic theory, which is abandoned by Bohr as api)lied to 
the absorption and emission of radiation by atoms. It is very interest- 
ing, however, that for large values of when fh is one unit greater than 
ni such as 101 and 100, the revolution frequencies and the cpiantum 
frequencies almost exactly coincide, exact coincidence taking place 
when n 2 and ni differ by one unit and are indelmitely large. This was 
made the basis of Bohr^s famous principle of corrcsponilence Ixdween 
electron vibration frequencies and spectrum line rreciueiuaes, a further 
discussion of which can be found in more advanced works on this 
subject. 





Aberration of light, 592. 

Aberration, spherical, 609, 630; chro- 
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Alloy, magnetic, 363. 
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Amplifier, 581. 

Analyzer and polarizer, 708. 

Angle of repose, 48. 

Angular momentum, ^ 100; conserva- 
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Cells, battery or voltaic, 437. 

Center, of mass or gravity, 36. 
Centimeter, 7. 

Centrifugal pump, 147. 

Centripetal and centrifugal force, 80. 
Change of state, 298. 

Chapman exhaust pump, 155. 
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Child ^ C. D.j 546. 
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Color vision, 674. 
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678; of sky, 705; by polarized light, 
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Compton^ K. 7 \, 740, 742. 
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Condensers, electrical, 398-402. 
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heat, 294; electric in gases, S37* 
Conductivity for heat, 294-297; table, 
297. 

Conservation of cn orgy, 45 ; in thermo- 
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Conservation of matter, 5. 
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Contact potentials in voltaic cell, 424. 
Convection, 294. 

Coolid^e, W. D., 549. 

Coolidge X-ray tube, 548. 
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Cords, vibrations of, 226- 231. 

Coronas, dilTraction, 687. 

(?oulomj)-ineler or voltameter, 436. 
Coulomb’s law, 371. 

Coulomb, the, 428, 514, 515. 
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Crank and axle, 52. 
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Curie, Mwc., 551. 
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Discharge, electric, 414; oscillatory, 
4r5, gasc‘s, 534. 

Dispersion, regular, (»32; anomakais, 
637. ^ 

Disiiersive powc^r, O33. 

DisplaiHMiu'iits, ii; compounded and 
resolved, 12, 13. 

Doppler’s principle, 212; in spectros- 
copy, 665. 

Double refract ion, 70O 711. 

Drops, formation of, 183. 

DuFay, 368. 

Dulong and Petit’s law, 2H3. 

Dynamies, 10, 19. 

Dynamo eleetrie nuudiines, 516; direct 
current, 516; allcrnating <*urrent, 


Kar, 247; trumpet, 20f), 
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potential, 410. 
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bklkdency of heat engiiU‘B, 327, 765, 
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5^7- 

Electricity, 367; atom of, 38(9 434. 
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El ec t ro( ly n a n 10 1 u e t < ■ r, 4 8 >■ . 

Electrolysis, .130 .k;0. 

Electrolytic interrupter, 510. 
Electromagrudj 4,76. 

Electromagnetic, tlu'ory, 718; in<luc- 
tion, 496, 502; units, *428, 313. 
Electrometer, 393, 394. ■ 
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Electromotive force, 424; of induction, 
500; rules for, 505. 

Electron theory, 368; of conduction, 
370; of matter, 387. 

Electrons, 530, 539, 557; emission from 
solids, 538; photoelectric emission, 
723-730. 

Electron tubes, 543. 

Electrophorus, 380. 

Electroplating, 436. 

Electroscope, 370, 421. 

Elements, table of, 734. 

Energy, 41; potential, 42; kinetic, 42, 
69; conservation, 45 ; availability, 46; 
in magnetic field, 508; in fluid 
stream, 153; in interference, 224. 

Equilibrium, of particle, 25, 26; of 
rigid body, 30, 38. 

Equipotential, surface, 390, 410; re- 
gion, 391. 

Erg, 62. 

lather, the luminiferous, 598. 

Evaporation, 305, 308; cooling due to, 
312. 

Ewing, 47S. 

Exchanges, law of, 331. 

Expansion, solids, 262; liquids, 267; 
gases, 271, 274; coefficients of, 264, 
271,^ 272. 

Experiment, nature of, 3. 

Extra current, 508. 

Eye and vision, 644. 

Eye-pieces, or oculars, 649. 

Falling bodies, 64. 

Farad, the, 514. 

Faraday, 320, 362, 363, 382, 428, 431, 

496, 717- 

Faraday’s disc, 499; laws, 431. 

Feddersen, 416, 570. 

Ferromagnetism, 364. 

Field magnets, series and shunt, 522. 

Fizcau, velocity of light, 593. 

Flicker photometer, 589. 

Floating, bodies, 127; coil, 483. 

Fluorescence, 673; flubrescent screen, 
548. 

Focus, principal, 603; conjugate, 603. 

Foky, A, L., 222. 

Foot-pound, 40. 

Foot-poundal, 62. 

Force, 4, 21, 22, 59; compounded and 
resolved, 24; moment of, 31; unit, 
61, 66; in circular motion, 80; in 
S.H.M., '88. 

Force, electric, law of, 372. 

Foucault, currents, 521; pendulum, 
107; velocity of light, 594. 

Fourier’s analysis, 218, 


Franklin, 368, 389, 417. 

Frauiihofer lines, 657, 664, 694, 
Freezing, mixtures, 304. 

Fresnel, 707, 677, 685. 

Friction, 46-48; in fluids, 154; internal 
during, vibrations, 170. 

Furnace, electric, 463. 

Fusion, 298-304. 

Gaede, 

Galileo, 57. 

Galvani, 420. 

Galvanometers, 427, 484-486. 

Gas engines, 326; thermometer, 259, 
260. 

Gases, density, 131; formula, 274; 
liquefaction of, 320-323; electric con- 
duction in, 537; ionization, 537. 
Gauss, 353. 

Geissler tubes, 541. 

Geysers, Bunsen’s theory of, 310. 

Gilbert, Dr., 352, 366. 

Glass, Jena normal, 258; strained, 
tempered, 714. 

Goldstein, canal rays, 550. 

Graham, 173. 

Gram, 8. 

Gravitation, acceleration of, 65, 116, 

1 1 7; units, 66; constant, 112-113; 
Einstein’s theory of, 720. 

Gray, 366. 

Grove’s gas battery, 440. 

Guericke, 133, 141. 

Gyroscope, no. 

Harmonics, 216-219; of a cord, 230. 
Hearing, 247. 

Heat, effects of, 254; sources, 284*. 
transmission of, 293; mechanicac 
equivalent, 286; nature of, 291; 
unit, 277. 

Heat engines, 324. 

Heights by barometer, 140. 

Helium, 555. 

Helmholtz, theory of dissonance, 251; 

resonators, 215. 

Henry, Joseph, 569, 515. 

Henry, unit inductance, 515. 

Heusler’s alloy, 363. 

Him, 289. 

Holtz machine, 384. 

Hooke’s law, 163. 

Horse-power, 41, 457. 

Hot cathode tubes, 543. 

Hot wire current meters, 492. 

Hull, A. W., 699. 

Humidity, 315. 

Hunt and Duane, experiments of, 
728. 
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Huygens’ wave theory, 597; principle, 
683; wave surface, 710. 

Hydraulic, press, 120; ram, 150; an- 
alogies, 403, 405, 425. 

Hydraulics, 149. 

Hydrometer, 129. 

Hygronietry, 314. 

Hysteresis, 361, 474. 

Ice pail experiments, 382. 

Illumination, intensity, 586, 590. 
Images by lenses, 627-630. 

Images by mirrors, virtual and real 
603-607; construction, 604. 

Impact, 71. 

Impedance, 530. 

Impulse, 59. 

Inclined plane, 52, 68. 

Index, of refraction, 612. 

Induction, electric, 376; 397, 41 1, 498, 
503; coil, 508; magnetic, 358, 474; 
machines, 384; motor, 534; electro- 
motive force of, 502. 

Inertia, 4, 20. 

Insulators, 367. 

Interference of waves, 223, 224; light, 
676, 677. 

Interferometer, Michelson’s, 68 1* 

Ionic charges, 434- 

Ionization potentials, 741 ; table of, 743. 
Ions, kations and anions, 431. 
Irreversible process, 703. 

Isotopes, 566. 

Isotropic, 16 1. 

Jet of fluid, velocity, 15 1. 

Joule, mechanical equivalant, 286; free 
expansion, 290. 

Kathode or Cathode, 431; rays, 541. 
Kelvin, Lord, 170, 188, 393, 569. 
Kelvin’s absolute temperature scale, 
767. 

Kepler’s laws, in. 

Kerr eflect, 718. 

Kinematics, 10, 

Kinetic energy, 42, 69; of rotation, loi. 
Kinetic theory, 185. 

Kinetics, 10; of particle, 37; of rota- 
tion, 1 01. 

Kirchhoff, Stewart-Kirchhoff law, 332; 

absorption spectra, 661, 664. 

Koenig, A., primary colors, 675, 

Koenig resonators, 219. 

Kundt, tube experiment, 235; anoma- 
lous dispersion, 637. 

bag, alternating current, 530. 

Lamps, electric, 459-461, 


Langley, 329, 335, 659. 

Langmuir, /., 142, 546, 563. 

Langmuir condensation pump, 142. 
Laplace, 200. 

Laue, dilTraction of X-rays, 697. 

Laue pattern, 697. 

Italic, M. von, 696. 

Lebedew, 719. 

Le Chatelier pyrometer, 469. 

Length, units of, 7. 

Lenses, forms of, 620; thick, 629; 
achromatic, 636; formula, 622; 624, 
626. 

Lena’s law, 504. 

Level surface, 1 24. 

Lever, 51. 

Ju'vcrricr, 2. 

Jxvois, G. N.y 563. 

Lewis-Langmuir theory, 563. 

Leyden jar, 399; analogy, 403; battery, 
404. 

Light, rectilinear propagation, 585; 
intensity, 5H3; standards, 590; theo- 
ries of, 5 (>7. 

Liglituing', 417 418. 

Linde, (lir, 322. 

Lines of force, elcctri<’, 396; magnetic, 
342; number of, 354. 

Licpiefaction of gases, 320 323. 

Local action, 438. 

Lockyer, 555. 

Lodestone, 337. 

Lorenz, 72 r. 

Lubricants, 49. 

Ltmimer, 333, 335. 

Liwwier-Hrod/iun photomeUT, 589, 

Mcl^eod gauge, 143. 

Mach, 57. 

Machines, 50; electric, 375, 383, 
Madgeburg h<*mi.sph(‘r<^s, 133. 

Magnetic circuit, comparison with elec- 
tric, 47B* 

Magnetic needle, declination, clip, 347. 
Magnetomotive force, 477. 

Magnets, shape, 357; by induction, 
358; power, 365. 

Magnifying glass, 646, 

Manometric flames, 219. 

Marconi, 576, 

Mariner’s cximpass, 337. 

Mariotte’s law, 138; fxp<‘rimenl, 139, 
Mass, 21; and weight, oo; earth, 115; 
planets, 115. 

Matter, 4; states of, 5; conservationbf, 5. 
Maxwell, 1S6, 572, 663, 71S. 

MeasurcmKmt, 6. 

Mechanics, 10; tabulation of formulas, 

105. 
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Megaphone, 209. 

Melting points, 299, 323. 

Metallic luster, 673. 

Meter, 7; in wave lengths, 682. 
Michelsofij 596, 681, 682, 719. 
Michelson-Morley experiment, 719. 
Microfarad, 515. 

Microscope, 648; objective, 649. 

Miller j D, C., 220. 

Millikan^ elementary electric charge, 
387; 557, 727, 756. 

Minimum deviation, 620. 

Mirage, 618. 

Mirror, plane, 601; concave, 602; con- 
vex, 607; parabolic, 609. 

Modulation, 583. 

Modulus of elasticity, Young’s, 168. 
Mohr’s balance, 129. 

Molecular forces, 158; equilibrium, 160; 
magnitudes, 187; collisions, elastic 
and inelastic, 744; structure, 159. 

Moll and VanBeck, 198. 

Moment, of force, 31; of inertia, lor 
103,- magnetic, 343. 

Momentum, 60, 70. 

Moseley, atomic numbers, 561, 748. 
Moseley’s experiments, 748. 

Motion, laws of, 19, 23, 60; velocity 
constant, 62; acceleration constant, 
63; simple harmonic, 86-89. 

Motors, electric, 524; D.C., 524-526; 

A.C., 532; three-phase, 535. 

Musical, intervals, 244; scales, 245. 
Musschenbroekj 399. 

Neptune, discovery of, 2. 

Newton, Sir Isaac, 19, 23, 112, 194, 200, 
597, 632, 672, 678. 

Newton’s color wheel, 672; rings, 678; 

wave formula, 200, 770. 

Nichols and Bull, 719. 

Nichols, E. F., 329. 

Nicol’s prism, 707. 

Nodes and loops, 228; in cord, 228; 
organ pipes, 234, 238; in electric 
waves, 574. 

Noise, 207. 

Numerical aperture, 650. 

Ocular, see eye-piece, 649. 

Oersted’s, ^ezometer, 165; discovery, 
426, 469. 

Ohm, the, 430, $14? 5^5 • 

Ohm’s law, 430? 448. 

Olszewski, 321. 

Onnes, 323. . 

Optical instruments, 640; resolving 
power, 688. ^ 

Optics, geometrical and physical, 599. 


Organ pipes, 233-239. 

Oscillating, vacuum tube, 576, 
Oscillation, center of, 104; period of 
magnet, 344* 

Oscillatory discharge, 415, 569. 

Osmotic pressure, 173. 

Parallel forces, 33, 34* 

Paramagnetic, 361. 

Pascal’s principle, 1 20. 

Paths of a and ^ particles, 552. 

Peltier effect, 466. 

Pendulum, conical, 82 ; simple, 90; clock, 
92; physical, 103. 

Penumbra, 586. 

Percussion, center of, 105. 

Periodic motion, 84-89. 

Permeability, magnetic, 359, 474; dia- 
magnetic, 363. 

Perrin, Brownian movement, 1S8. 

Phase of waves, 19 1; effect on sound, 
249. 

Phonodeik, 220. 

Phosphorescence, 674. 

Photoelectric effect, 723; inverse, 728; 

equation, 726. 

Photographic camera, 640. 

Photometry, 587'589- . 

Physical sciences, i; aim of, i. 
Pickering, 667. 

Piezo electricity, 418. 

Pigments, color of mixed, 671. 

Planck, Max, 335, 722, 747- 
Plane of polarization, 704. 

Plante storage ceU, 441. 

Polarization, electrolytic, 435, 438. 
Polarization, of light, 700-716; figures, 
716; angle of, 703. ^ 

Polarized light, plane, 700; emptical, 
715; vibration direction, 704. 
Polarizer and analyzer, 708. 

Poles, magnet, 337; unit, 343; earth’s 
magnetic, 349. 

Positive rays, 550. 

Potential, electric, 389-392; unit, 392, 
428; formula, 409; drop in circuit, 
446; instruments, 393, 394, 49<^7 49 1- 
Potentiometer, 447. 

Pound, 8. 

Poundal, 61. 

Power, 41, 457- 
Precession, 109, II. 

Pressure, fluid, 119; high, 140; gauges, 
144, 145; in gas, 185; of light, 718. 
Prevost, ^31. 

Pringsheim, 335- 

Prism, 619; deviation, 620; dispersion, 
632; polarizing, 707. 

Prism binoculars, 653. 
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Projectiles, 109; path of, 75. 
Projecting lantern, 642. 

Protons, 558, 568. 

Pumps, 145. 

Pyrometers, 261. 

Quality of sound, or timbre, 214, 21S: 
of strings, 232. 

Quan^tum theory, 335, 562, 663, 721, 
746. 

Radiating and absorbing |.iowers, 332. 
Radiation, 294, 328; black-body, 333; 
laws of, 333, 334 j theories of '641, 

721-723.. 

Radioactivity, 550-556. 

Radiometer, Crookes’, 330. 
Radiomicrometer, Boys’, 468. 
Radiotclegraphy, 576-581. 
Radiotclephony, 581-583. 

Rainbow, 638-640. 

Rays, 599 j alpha, beta, gamma, 552. 
Receiving, radiotclegraphy, 579. ' 
Rectifiers, thermionic, 544. 

Reflection, of waves, 202; of sound 
205; of light, 600, 601; total, 615. 
Refraction, 204; of light, 610, 612. 
Refrigerating machines, 313. 

198. 

Relativity, 719-721. 

Reluctance, 476. 

Resistance, electrical, 4295 unit of 
430; specific, 4Sc>-"45i j thermome- 

455. 

Resistivity, 450. 

Resonance, electrical, 57o-'57i, 
Resonators, 214 •215. 

Rcvcrsilde operation, 765. 
lUghi, 574. 

Rigidity, 167. 

Ripples, 193. 

Rods, vibration of, 240. 

Roemcr, velocity of light, 591. 

Kood-W human, flicker photometer, 580. 
Rope and pulley, 50. 

Rotary magnetic field, 533. 

Rotation of polarteation, 711; by mag- 
net, 7x7. 

Rotation of rigid body, ii, 95. 

Rowland, 288, 472, 695* 

Ruhmkorff coil, 508. 

Rumford, 286; photometer, 587. 

Russell, 667. 

Rittherfwd, ss6, 358, 567; theory of 
atomic structure, 558; and Soddy, 

Sabine, W. C,, 223. 

Savart’s wheel, 210, 


Screw, 53- 
Search lights, 462. 

Second, mean solar, 9. 

Seebeck, 464. 

Seibt, resonance experiment, 571 
Self induction, 506; coefficient, 507- 
> unit, 5*5* 

Sensitive flames, 220. 

, Series, electric, 369. 

Shadow, 586. 

Shunt, galvanometer, 4,50. 

Simple iuirmonic motion, 86 80. 

Siplion, 146. 

Siren, 210. 

Slide wire bridge, 454. 

Snell’s law, 6 rr. 

Soap films, 178, i8p 
Solonoid, 472: ring, 473. 

Solution, 172. 

Sound, analysis of, 216; synthesis of 
21 7j waves, 195 j *07i photography 
of, 220-222; vehx'ily of, 200, 201 
SiiaiXJ charge, 545. 

S[)arkj)otentials, 539. 

Speaking, tulucs, 20(); trumpet, 20(). 
Speeihc gravity, 128; bottle, 1^0, 
Speeiiic iieat, 278; table, 278,' 284; of 
gases, 282, 298; (luaiitum theory t>f 
74h. ' 

Specitic inductive rapacity, s72, 402 
Speetarl(‘s, 646. ^ ^ 1 • 

Siieetra, kiiKjs, 660; produced, 66r 
tinted, 662; liand, 744, 
Spectrophotometer, 670. 

^lectroseope, 657; alisorption in, 660. 
Speetro.seopy, astronomit'al, 665. 
oiHxtrum, 655; energy, (>59 j visible, 
b59j complete, 65<); Iiy<lrogen, 7^0; 
inert gases, 736; .sodium, 737; are 
ami spark, 738; emu'gy levels, 740: 
lonmiiion rKitentials, 741. 

Spectrum analysis, 661. 

Spirit level, 1 24. 

Standing waves, 226, 227. 

Statics, 10, 25. 

Stejim, gauge, 145; engine, 334; tur- 
bmc, 325. 

Stefan, 333. 

Stetvart, Balfour, 333. 

Stewart-Kirchhofi’ law of radiation, 333. 
Slakes, fluoreseence, 675; law, 673,' 
Storage cells, 441. 

Storms, magnetic, 552. 

Strain ellipsoid, 162" 

Stress, ami strain, 162; stress, 23. 

Strings, vibrations of, 226 233, 

Sublimation, 314. 

Sun temperature, 335. 

Surface of rotating Ikiuid, 123. 
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Surface tension, 174; table, 177; pres- 
sure, 178; energy, 176. 

Symnicr, 389. 

Telegraph, 494. 

Telephone, 51 1. 

Telescopes, 650-653. 

Temperament, 246. 

Temperature, 254-256; absolute scale, 
273; and kinetic energy, 292. 
Terrestrial magnetism, 347-354. 
Thermodynamics, laws of, 765, 767. 
Thermoelectricity, 464-468. 
Thermometers, 255-260. 

Thermopile, 464. 

Thomson, J. 387, 540, 543, 566. 
Thomson, thermoelectric effect, 468. 
Timbre, or quality of sound, 214, 218. 
Time, mean solar, 9. 

Toepler-Holtz electrical machine, 384. 
Tones, simple and complex, 215; dif- 
ferential, 250. 

Top, motion of, 109. 

Torque, 35. 

Torricelli’s experiment, 132; theorem, 
152. 

Transformers, 530, 531. 

Translation, ii, 95. 

Translucent, 584. 

Transmission of power, 527, 532. 

Triple point, 317. 

Tubes of force, magnetic, 354; electric, 
396. 

Tuning fork, 242. 

Turbine, water wheel, 149; steam, 326. 
Umbra, 586. 

Units, C. G. S., 7; electromagnetic, 
514-515; electrostatic, 372, 390; 
heat, 288; magnet pole, 343. 

Vacua, 143. 

Vacuum tubes, three electrode, 546. 

Van der Waals, 140. 

Vapor, pressure or tension, 305-310; 
saturated, 305, 

Vaporization, 305; heat of, 31 1-3 12. 
Vectors, ri, 13. 

Velocity, 14-16; angular, 96. 

Velocity of light, 390; in water, 596; 
in CS2, 613. 

Velocity of sound, 198-200. 

Velocity of water waves, 193; waves in 
cord, 229. 

Vena contracta, 152, 


Vibration formula, 94; angular vibra- 
tions, 104. 

Vibrations, recorded, 21 1; combined, 
218, 231; sympathetic, 214; of simi- 
lar systems, 242. 

Vibratory motion, 84-89; restoring 
force, 85; free and forced vibrations, 
92; res9nance, 92. 

Viscosity,! 18, 169-170. 

Vision, 584, 645. 

Volt, 429, 514, 515; defined, 429; vir- 
tual, 528. 

Volta, 421. 

Voltaic pile, 422;'' cell, 423. 

Voltameter, 436. 

Voltmeter, 490; electrostatic, 491. 

Voss-Holtz, electrical machine, 384. 

Water, waves, 190; wheels, 149. 

Watt, 456. 

Watt meter, 492. 

Wave lengths of light, 694; measured, 
693 - 

Wave, motion, 190; formula derived, 
770; surface, 709. 

Waves, surface, 190; compressional, 
194; in cord, 226; electric, 569-583. 

Wehnelt interrupter, 510. 

Weight, 4, 21, 66; in vacuo, 136. 

Wheatstone’s bridge, 453. 

Wien, displacement law, 334. 

Wilson, C. T. R., paths of a particles, 
552. 

Wimshurst, electrical machine, 386. 

Wind, instruments, 240; sound in, 206. 

Wireless telegraphy, 576-581; teleph- 
ony, 581-583. 

Work, 40; against friction, 43; princi- 
ple of, 51; unit, 62; of compression,' 
761; in cycle, 764. 

Wroblewski, 321. 

X-rays, 547-55°; diffraction of, 696; 
crystal analysis, 699; quantum 
theory of, 748-758; characteristic, 
749; continuous spectra, 753; ab- 
sorption spectra, 754; cosmic, 756, 

Young, Dr, Thomas, 168, 232, 674, 676, 
679. 

Young-Helmholtz color theory, 674. 

Young’s interference experiment, 676; 
law, 232; modulus, 168. 


Zeeman, effect, 718. 







